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Clinical investigations have indicated that changes of the biomechanical parameters of 
dental implant-bone systems have a pronounced effect on implant success. Of all the 
means for studying this problem, finite element analysis (FEA) has been well accepted 
as the most suitable numerical tool not only for predicting their biomechanical 
behaviors, but also for examining the influence of various parameters on the 
performance of dental implants, which are difficult to replicate in vitro or in vivo 
situations. However, there is still lack of highly realistic FEA models to assess the 
biomechanical behaviors and to inversely identify mechanical properties of the implant 
interfacial tissue. It is therefore imperative that a systematic and in-depth study on 
these fields is in demand. 
 
This dissertation is in four parts. The first part implements a simulation of abutment 
screw preloading and immediate implant loading situations, in which highly realistic 
dental angulated abutment implant-bone FEA models with various implant designs are 
modeled. The stress in the implant and bone is predicted by a nonlinear contact 
analysis. The effect of abutment-implant connection and implant geometry on the 
stress and micromoment is discussed in detail. The results suggest that the non-
threaded implant with a tapered abutment connection represents better mechanics for 
preventing the abutment screw loosening and marginal bone loss.  
 
The second part develops an inverse procedure combining FEA with a neural network 
(NN) model for nondestructive identification of mechanical property of the dental 
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 implant-bone interface. The anisotropic elastic constants of the interfacial bones are 
identified by feeding the actual stresses in a dental implant-bone system, where elastic 
constants of bones are unknown, into a trained NN model. This inverse procedure may 
provide an opportunity and means to identify multiple parameters in a complex dental 
implant-bone structure.  
 
The third part estimates the influence of biomechanical parameters of implant and the 
interfacial tissues on dental implant stability by a novel FEA model involving the 
biological changes of osseointegration layer. Resonance frequency analysis (RFA) 
value that is an important parameter determining the implant stability is calculated in 
different situations. Modal analysis is first performed to calculate the natural frequency 
and its corresponding modal shape. The harmonic response analysis is then used to 
determine the resonant frequency of each case. Compared with the existing data, the 
results suggest that the RFA technique is sensitive to the change of implant length, 
exposed height, diameter and status of the osseointegration and also suggest that 
further improvement of existing equipments is needed.  
 
The fourth part proposes a new non-contact method for determination of implant 
stability by applying an electromagnetic (EM) pulse on a metal rod attached into an 
implant. The interaction between the EM field and dental implant-bone structural field 
is modeled via the EM force. It is found that this method can effectively determine the 
RFA values of the dental implant-bone complexity during the osseointegration process.  
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 This dissertation also contains detailed discussions on each developed approach by 
comparing the principal findings with existing observations. Finally, some possible 
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Chapter 1 




Generally, an osseointegrated dental implant, directly contacted with host bones, 
restores the function of missing teeth to support prostheses, which can be secured to 
the abutments by screw retention or cementation. Figure 1.1  illustrates the implant–
bone structure (taken from Branemark, 2001). It consists of the following elements: a) 
Endosseous dental implant: a device is inserted into the jaw bone (endosseous) to 
support a dental prosthesis. It is the ‘tooth root’ analogue; b) osseointegration: “a direct 
structural and functional connection between ordered, living bone and the surface of a 
load-carrying implant” (Branemark, 1985); c) implant abutment: a component attaches 
to the dental implant and supports the prosthesis. A transmucosal abutment is one 
which passes through the mucosa overlying the implant. A temporary or healing 
abutment may be used during the healing of the peri-implant soft tissue before the 
definitive abutment is chosen; d) abutment screw: a screw is used to connect an 
abutment to the implant.  
 
The success or failure of the implant is a function of biomaterials and biomechanical 
parameters of the implant-bone structure. However, solution of this function currently 
cannot be handled by analytical approaches due to the complexity. What is more, few 
noninvasive and nondestructive measurements are used to understand the behaviors of 
this structure in vivo test, especially the interfacial interactions between different 
components. To solve these problems, finite element analysis (FEA), one of the most 
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important numerical methods for solution of engineering problems related to solids and 
structures (Zienkiewicz and Taylor, 2000; Liu and Quek, 2003a), becomes more 
attractive to study the implant-bone structure biomechanical behaviors by processing a 
discretization of the problem domain. Variables of the implant-bone complexity, which 
are difficult to replicate cost-effectively in vitro or in vivo experiments，can be 
simulated in FEA models in great detail. 
 
 
Figure 1.1 Schematic representation of a dental implant system based on the principle 
of screw-connected components (figure from Branemark, 2001).  
 
 Prosthesis retaining screw
 






















    Surrounding bone 
 
In the past three decades, many FEA studies have been performed to delineate the 
biomechanical responses of the implant-bone systems, such as the displacement, strain, 
stress or resonance frequency that were induced on individual components or the entire 
structure under loading. These responses are normally affected by many variables, 
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including the implant design, material property, type of loading, abutment-implant 
screw joint connection, the implant-bone interface, the quantity and quality of the 
surrounding bone and the prosthesis type (Brunski et al., 2000; Geng et al., 2001; 
Mackerle, 2004; Pattijn et al., 2006). Due to the complexity of these variables, certain 
assumptions have to be made in FEA modeling (Geng et al., 2001). Some of these 
assumptions, for instance, the osseointegration degree and exact geometry of implant 
components and bony housing, also significantly affect the accuracy of the results.  
 
With the development of implant design, the application of angulated abutment 
implant system plays an important role in meeting the need of esthetic and functional 
restorations in the anterior region of maxilla and in the posterior molar region of 
mandible. It provides an effective method to overcome the limitation of anatomy of the 
jaws and the morphology of the residual ridges (Sethi et al., 2002). Due to its particular 
design, it is crucial to comprehensively understand the biomechanical responses of this 
structure under various loading conditions in terms of induced stress in tissue and 
component. Although several FEA studies (Clelland et al., 1995; Pan et al., 2001) have 
been conducted to predict stress distribution in the angulated implants, the assumptions 
made in these models have to be taken into account when interpreting the results. It 
therefore requires more detailed models to provide more accurate prediction of their 
biomechanical behaviors.  
 
Of the biomechanical parameters, dental implant geometry and material can be easily 
varied. However, it is very difficult to nondestructively assess the structure and 
property of implant-bone interface, which critically affect the long-term success of 
implants. Under loading, different mechanical properties of bone determine different 
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mechanical responses, such as strain and stress distribution, resonant frequency of the 
implant-bone structure. Obviously, these responses must also encode information 
about the interface’s properties, and hence it should be possible to decode this 
information from the structural responses by means of inverse procedures. 
 
To achieve osseointegration an attachment to the bone without any micro-movement of 
implant is necessary. The rigid fixation and stability of implant is probably due to rapid 
bone formation and remodeling in close to the implant surface after replacement. The 
implant stability can be divided into primary and secondary stability. Primary stability 
occurs at the time of implant insertion and is determined by the quality of the bone, the 
surgical technique and the level of primary bone contact that was influenced by the 
implant design and the implant-bone contact area (Meredith, 1998). Secondary 
stability refers to implant stability after primary healing. It is dependent on the primary 
stability, the bone response resulted from the surgery and implant material. Implant 
stability has been measured by several clinical and biomechanical means. Of these 
methods, the resonance frequency analysis (RFA) (Meredith et al., 1996) has been 
shown to be able to nondestructively measure the change in implant stability over time, 
and to discriminate successful implants and clinical failures. However, the influence of 
the individual biomechanical factors of the implant-bone systems is not yet fully 
studied. Furthermore, this measurement approach must attach a transducer onto the 
implant or abutment, which, to some extent, may induce discomfort and cost increase 
to patients. 
 
Hence, the needs and challenges to study biomechanical performances of dental 
implant-bone complexity in a wide range of conditions related to each patient-specific 
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situation are as follows: 1) to better interpret the stress responses of dental angulated 
abutment implant-bone systems under different loading levels by developing highly 
realistic FEA models including exact geometry of dental implant components, detailed 
geometry of interfacial tissues, anisotropy of the materials, and refined boundary 
conditions, 2) to develop a nondestructive procedure to identify the Young’s modulus 
of the interfacial tissue during the osseointegration process, 3) to evaluate the effect of 
implant design,  mechanical property of implant-bone interface and osseointegration 
degree and pattern on the dental implant stability, and 4) to develop a new non-contact 
method for determination of the dental implant stability. 
 
1.2 Literature review 
 
Based on the objectives of this study, this section is divided into three parts, i.e. static 
analysis, dynamic response analysis and inverse analysis of the dental implant-bone 
systems.  
 
1.2.1 Structural static analysis 
 
Previous FEA studies have successfully used static analysis (linear and nonlinear) to 
determine strain and stress response on a “steady” dental implant-bone structure under 
conditions of static equilibriums. From a biomechanical viewpoint, the structure’s 
stability and the magnitude and pattern of stress on the interfaces between the 
structure’s components crucially affect an implant success or failure. Hence, a critical 
look at the biomechanical interaction of abutment-implant screw joint interface and 
implant-bone interface is essential. 
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1.2.1.1 Biomechanical response of abutment-implant screw joint interface 
 
Retrospective clinical studies have reported a high incidence of mechanical 
complications of screws, abutments and implants, such as loosening and fracture 
(Schwarz, 2000; Goodacre et al., 2003). Within the screw-abutment-implant complex, 
an optimal design of its interfaces has a profound impact on the long-term 
biomechanical integrity and stability of the dental implant (Salvi and Lang, 2001). 
Factors that contribute to this respect include the abutment angulation, preloading 
generated from tightening torque, magnitude and direction of external loading, and 
abutment-implant connection configuration. FEA is able to gain more insight into the 
effects of these parameters on dental implant biomechanical behaviors.  
 
Abutment angulation 
Clelland et al. (1995) and Pan et al. (2001) evaluated the influence of the abutment 
angulations of 00, 150, 200 and 300 on the strain and stress distribution in bone using 
linear FEA. It was shown that peak principal stresses occurred in the crest of cortical 
bone and the magnitude of these stresses increased with an increase in abutment 
angulations. Peak tensile strains also increased with abutment angulations, but there 
was no difference for the peak compressive strain values. These findings were in 
agreement with the bone responses in animal studies (Martin and Burr, 1989) and 
experimental measurements (Brosh et al., 1998). However, the maximum abutment 
angulation, which can be applied clinically, was not investigated in these studies and 
further research of the larger abutment angulations is needed in vivo and in vitro test. 
The limitation of modeling assumptions should also be considered. 
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Preloading 
The load-transfer mechanism between prosthetic components arises from torque 
application to the abutment screw and the retaining screw. Sakaguchi and Borgersen 
(1993) developed a two-dimensional (2-D) FEA model of Branemark implant 
prosthetic components to simulate 10 Ncm torque on the gold retaining screw. They 
found that the repeated loading and unloading cycles resulted in alternating contact and 
separation between the retaining screw head base and the crown. These separation 
events and elevated strain in the screw might lead to screw loosening and failure in 
clinical practice. Sakaguchi and Borgersen (1995) also simulated altogether an input 
torque of 10 Ncm for a gold retaining screw and 20 Ncm for a titanium abutment 
screw. Their results showed that when the gold retaining screw was fastened into the 
abutment screw, clamping force on the implant was increased at the expense of 
decrease of the clamping force at the abutment screw-abutment interface by 50%. 
Maximum tensile stresses in the screw after preload were less than 55% of the yield 
stress. Using FEA, Cheong (2000, 2002) predicted that at a preload tension of 230 N in 
the gold retaining screw shank, the clamping force at the abutment-abutment screw 
interface was first reduced to zero. With further tightening of the gold retaining screw, 
the rate of increase of stresses in the gold retaining screw was faster than that of the 
abutment screw. Thus the gold retaining screw would fail first. Failure of the gold 
retaining screw by yielding was expected for a tensile load of around 400 N applied to 
the gold cylinder. At this 400 N tensile load, the clamping force at the abutment-
implant interface would be reduced to zero. This would affect the overall stability of 
the implant-prosthesis connection and eventually lead to component failure. Obviously, 
if the preload is inadequate and the joint opens between the abutment and the implant, 
the retaining screw will bear the applied external loading. Hence, application of an 
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optimal preload is important to make the screw-abutment-implant complexity more 
stable, thus preventing screw loosening.  
 
Lang et al. (2003) presented a three-dimensional (3-D) FEA model to determine 
preloads with torque of 32 Ncm and 35 Ncm for gold and titanium abutment screws 
(hex-top, Mark III implant and trichannel, Replace Select Tapered implant, Nobel 
Biocare AB, Gothenburg, Sweden). It was demonstrated that the preload reached to the 
internal screw joint interface was higher than the hex-top screw joint assembly when 
tightened using the same applied torque and friction coefficient. A preload of 75% of 
the yield strength of the abutment screw was not established as expected using the 
recommended tightening torques. To reach the optimal preload, when a torque of 32 
Ncm was applied to the abutment screws, the friction coefficient between the implant 
components should be 0.12. Clearly, the friction coefficient is a major factor that 
affects the preload achieved at a given torque (Figure 1.2, taken from Lang et al., 
2003). Increase of tightening torque value may not lead to the optimal preload. Two 
related studies implied that the preload value was able to be increased by decreasing 
the friction coefficient (Bozkaya and Muftu, 2003, 2005). Additionally, the desired 
higher preload levels may be significantly influenced by the connection interface 
design as well as the design and material of the screw (Binon, 2000; Tan and Nicholls, 
2001, 2002; Tan et al., 2004). So far, no study has predicted the influence of a higher 
preload on the stress distribution in implant-bone interface. 
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Figure 1.2 Preload (N) at different torque (Ncm) and coefficient of friction values for 
Mark III and Replace Select Tapered Implant Complexes (Nobel Biocare AB, 
Gothenburg, Sweden). (Figure from Lang et al., 2003).  
 
External loading  
Holmes et al. (1992, 1994) showed that in IMZ implant system, increases in either load 
magnitude or load angle would increase stress concentrations in components of the 
implant system. Maximum stress concentrations occurred in the fastening screw. 
Another two relative FEA studies (Haganman et al.,1997; Holmes et al., 1997) 
predicted the degree of screw tightening that was necessary to prevent opening of the 
crown-abutment interface in 500 N occlusal loading at 45 degrees for three different 
IMZ abutments, namely, original threaded intramobile element (IME), abutment 
complete (ABC), and intramobile connector (IMC). A correlation was observed 
between the peak stresses in the screw and the deflection of the superstructure. 
Deflections and stress concentrations with the IMC were in the same range as with the 
IME, but much greater than those with the ABC. These simulations revealed that stress 
concentration in the fastening screws was influenced by load magnitude and direction.  
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Abutment-implant connection 
FEA studies have been increasingly conducted to evaluate the difference of mechanical 
characteristics of the internal (e.g. conical or taper) and external (e.g. hex-top) 
abutment-implant connection and the effect on the stress in the surrounding bone. Four 
commercially available implant system with different connection configurations are 
shown in Figure 1.3 (taken from Bozkaya and Muftu, 2005).   
 
    
Ankylos ITI Bicon Nobel Biocare 
Figure 1.3 Various implant-abutment connection methods. The designs by Ankylos 
(Degussa Dental, Hanau-Wolfgang, Germany) and ITI (Institut Straumann AG, 
Waldenburg, Switzerland) use the taper integrated screwed-in abutments, the design by 
Bicon (Bicon Inc., Boston, MA, USA) uses the tapered interference fit abutment; and 
the design by Nobel Biocare (Nobel Biocare AB, Goteborg, Sweden) uses a hex-top 
abutment with retention-screw. (Figure from Bozkaya and Muftu, 2005). 
 
Akca et al. (2003) analyzed the stress distribution of an ITI reduced-diameter Morse 
taper implant. They found that vertical and oblique loads were resisted mainly by the 
implant-abutment joint at the screw level and by the implant collar. The neck of this 
implant was a potential zone for fracture when it was subjected to high bending forces. 
Further reinforcement of this region was needed. However, displacement values under 
both loading conditions were negligible. Merz et al. (2000) compared the mechanics of 
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ITI Morse taper and a butt joint connection. Their results showed that, after tightened 
to the same torque of 35 Ncm for abutment screw, the butt joint presented significantly 
higher stress levels than the ITI Morse taper. More precisely, under both axial and off-
axis external loading following abutment tightening, there were very low stress values 
in ITI Morse taper connection. However, there remained high stress in the thread area 
when the butt joint design was subjected to straight loading or off-axis loading. Akour 
et al. (2005) also revealed that the external hexed design has significantly higher 
overall stress, contact stress, and deflection compared with the trichannel design. The 
trichannel antirotational design has the least potential for fracture of the abutment-
implant assembly in addition to its capability for preventing rotation of the prosthesis 
and loosening of the screw. Necchi et al. (2003) observed that the use of conical and 
hexagonal abutment connection system guarantees antitorque benefits and a good 
mechanical stability.  
 
Using axisymmetric FEA, Hansson (2003) studied the influence of the conical 
abutment-implant interface on the marginal bone resorption. It was found that, with a 
conical interface at the level of the marginal bone, in combination with retention 
elements at the implant neck, suitable values of implant neck wall thickness and 
modulus of elasticity, the peak bone stresses arose further down in the bone under an 
axial load. If the conical interface was located 2 mm more coronally, this benefit 
disappeared. This also resulted in substantially increased peak bone stresses.  
 
A comparative FEA study (Mihalko et al., 1992) between the flat mating surface and a 
slanted mating surface of abutment also demonstrated that enhanced mechanical 
conditions might be achieved for the maintenance of surrounding bone, when the force 
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was transferred preferentially by circumferential grooves and a conical mating surface. 
Hansson (2000a) claimed that the conical implant-abutment interface brought a 
decrease in the peak bone-implant interfacial shear stress as compared with the flat top 
interface. This peak interfacial shear stress was located at the top marginal bone for the 
flat top implant-abutment interface; whereas it was located more apically in the bone 
for the conical implant-abutment interface. The peak bone stresses resulted from an 
axial load were substantially decreased.  It was suggested that the internal cone designs 
of abutment connections provided lower bone-implant interfacial stress than flat-top 
designs. However, the effect of contact and friction hasn’t been evaluated in such 
studies. It should also be noted that the amount of marginal bone resorption around 
internal-cone implants and butt joint was almost the same in several in vivo 
observations (Astrand et al., 1999; Steenberghe et al., 2000; Moberg et al., 2001). 
Therefore, further investigations would be helpful to completely understand the 
mechanical behaviors of the different connection types and their effect on the 
interfacial tissues. This will be highlighted in Chapter 2.  
 
1.2.1.2 Biomechanical response of dental implant-bone interface   
 
In clinical cases, there are two types of contact at the implant-bone interface: implant-
fibrous tissue contact (which is considered to be a clinical failure); and implant-bone 
contact, termed osseointegration (Albrektsson et al., 1983; Branemark, 1985). 
Osseointegration is defined as a direct structural and functional connection between 
bone and the surface of an implant. Direct implant-bone interface is a process of bone 
dynamic modeling and remodeling, which is illustrated in Figure 1.4 (taken from 
Branemark, 2001). In a mechanical environment, this process may be ruled by implant 
loading history and implant design. In all incidences of functional loading with 
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implants, the occlusal forces are transferred to the implant-bone interface via an 
implant-supported prosthesis. The process and the consequences of force transmission 
into surrounding bone depends on nature of the applied force (e.g. amplitude, direction, 
rate, frequency), implant and prosthesis material properties, implant designs (e.g. shape, 
surface topography, chemical composition), abutment-implant connection (see section 
1.2.1.1), biological and biomechanical properties of the implant-bone interface, and 
reaction of bone tissue created by loading of the implant. Numerous FEA studies have 
been performed to understand the implant-bone interactions by assessing the above 
mentioned mechanical variables.  
a) b) c) d) 
Figure 1.4 Schematic summary of the biology of osseointegration process. a), the 
threaded bone site cannot initially be made to be congruent with the fixture. The 
importance of the threaded implant is to create immediate stability after insertion and 
during the initial healing stage. The diagram is based on relative dimensions of implant 
and site. (1) Contact between the fixture and bone (so called immobilization); (2) 
hematoma in a confined cavity, which is bordered by the fixture and bone; (3) bone, 
despite careful preparation is thermally and mechanically damaged; (4) unmolested 
bone tissue. (5) fixture. b), during the initial healing stage, the hematoma is 
transformed into (6) new bone through callus formation; (7) damaged bone tissue heals 
through revascularisation, demineralisation and remineralisation. c), after the initial 
healing stage, vital bone is in direct contact with the surface of the fixture without any 
intermediary tissue. (8) Border zone is remodeled in response to functional loading. d), 
in the case of osseointegration failure, (9) non-mineralized connective tissue forms in 
the border zone in contact with the implant, which can be considered a form of 
pseudoarthrosis. This situation can occur as a result of excessive trauma during bone 
preparation, infections, overloading, and prior to adequate mineralization and the 
organization of hard tissue, as well as later in the process, through supra-laminal 
loading, occasionally several years after initial osseointegration has been achieved. 
(Figure from Branemark, 2001). 
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Nature of applied force 
Any dental implant that supports prostheses will be loaded by forces and moments in 
vivo situations. It is important to note the difference between loadings on the 
prostheses and loadings on an implant, such as the vector quantities and the 
counterbalance force and moment on an implant. Even different functional activities, 
for instance chewing and occlusal activity, can be simulated by different loadings on 
implant, it is difficult to precisely define the forces acting on a single implant or on an 
implant as part of an implant-supported prostheses. Besides the analytical methods, 
some investigators have tried to study implant loading using FEA. EI-Wakad and 
Brunski (1988a, 1988b) predicted the load partitioning among bridge-supporting 
implants and nature teeth using 2-D FEA. It was showed that about 70% of the total 
vertical load of 100 N and 72% of total horizontal load of 25 N was taken by the 
titanium implant, respectively. Prabhu and Brunski (1997a) created a 3-D FEA model 
of a two-implant partially edentulous case. Their results were close to those from the 
most realistic analytic BH model (Brunski and Hurley, 1995). A similar model by 
Mailath-Pokorny and Solar (1996) compared axial loading of 4 or 6 implants 
supporting prosthesis. It was pointed out that if the bridge was not perfectly rigid, there 
trended to be a concentration of more load on those abutments nearest the loading 
point on the bridge.  
 
It is important to consider the predicted implant loadings when applying FEA to dental 
implants. Currently, three types of implant loading, i.e. axial loading, horizontal 
loading and oblique loading, have been involved in FEA simulations. The simulated 
oblique loading, which presents more realistic occlusal directions, could result in the 
highest localized stress in cortical bone (Papavasiliou et al., 1996a; Holmgren et al., 
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1998; Sutpideler et al., 2004; Geng et al., 2004a). Barbier et al. (1998) investigated the 
influence of axial and non-axial occlusal loads on the bone remodeling phenomena 
around IMZ implants in a dog mandible. Strong correlation was observed between the 
calculated stress distributions in the surrounding bone tissue and the remodeling 
phenomena in the comparative animal model.  The authors concluded that the highest 
bone remodeling events coincide with the regions of highest equivalent stress and that 
the major remodeling differences between axial and non-axial loading were largely 
determined by the horizontal stress component of the engendered stresses. Siegele and 
Soltesz (1989) also demonstrated that maximum stress concentration was caused by 
lateral loading. It appeared in the region of direct-implant bone contact and soft tissue 
layer for the cylindrical implants, as well as the region below the uppermost thread for 
the screw-type of implant. Excessive horizontal load, therefore, should be avoided.  
 
Some studies have been conducted to present the influence of loading location on the 
implant-supported prosthesis. Eskitascioglu et al. (2004) showed that vertical loading 
at one location, rather than two or three locations, resulted in higher stress values 
within the bone and implant. Thus an optimal combination of vertical loading should 
be at two or three locations, where maximum von Mises stresses would be 
concentrated on the framework and occlusal surface of the fixed partial denture.  
 
Bozkaya et al. (2004) further evaluated the effect of different implant loading levels on 
bone overload for different dental implant systems using FEA. The variation of 
overloaded area of the bone as a function of vertical loads, lateral loads, bending 
moments and occlusal loads were discussed. They found that for moderate levels of 
loads up to 300 N, the cortical bone was not overloaded in any of the implant systems. 
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At the extreme end of the load range (1000 N or more), the overloading characteristics 
of implants were dependent upon the implant geometry. In general, overloading 
occurred in compression near the superior region of cortical bone, and it was primarily 
caused by the normal and lateral components of the occlusal load. At the region of 
intersection of cortical and cancellous bone, overloading occurred in tension due to the 
vertical component of the occlusal load. The results from this study were consistent 
with the finding of related clinical observations (Misch and Bidez, 1999; Astrand et al., 
1999; Steenberghe et al., 2000; Moberg et al., 2001). 
 
Prabhu and Brunski (1997a, b) conducted a similar analysis where overload was 
suspected. They evaluated a clinical case in which 2 Branemark implants were used to 
support a prosthesis in the mandible molar region of a human with a positive history of 
bruxing. In clinical testing, marginal bone loss was detected around the mesial implant 
by radiographic evaluation, and eventually fracture occurred after 2 to 3 months of 
function. In their 3-D FEA models, high strains were predicted, in excess of 1%, at the 
crestal region of the mesial implant’s interface, especially for the case of medium-size 
bite force (e.g. 250 N) on the mesial cantilever of the prosthesis. These results 
supported an etiology of overload failure by the positive feedback mechanism 
(Hoshaw et al., 1994a; Isidor, 1996). Brunski and Yang (1998) did an FEA simulation 
in order to make a more detailed microstructural examination of mechanisms of 
interface failure under overload. Their model allowed for bone microdamage and A-R-
F process (Hoshaw et al., 1994b). Their study demonstrated a conceivable mechanism 
of overload by positive feedback mechanism at an osseointegrated interface. More 
recently, an FEA model of an oral implant was implemented with the theory of bone 
adaptation to predict the overtime response of the bone tissue surround the implant and 
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to explain a phenomenon about bone loss in various clinical situations due to an 
overloaded stress (Crupi et al., 2004). In this model, an adaptation routine, based on 
Beaupre theory, was developed to interface with the FEA packages. The value of the 
mechanical stimulus, corresponding to the overload stress, was evaluated by applying 
the Taylor crack propagation theory. The predictions obtained by the numerical 
analyses demonstrated that the overload resorption was blocked only with spongy bone 
of good quality. However, it remains to be fully established whether these suggested 
mechanisms accurately simulate the actual biological mechanisms.  
 
Many clinical observations have indicated that various levels of implant functional 
loading may have stimulated increased-bone formation and thus may be a key factor in 
influencing positive osseointegration (Cehreli et al., 2004). For the immediate or early 
implant loading situation, although similar success rates were achieved as reported in 
the delayed 2-stage approach (Gapski et al., 2003; Attard and Zarb, 2005), the 
biomechanical characterization remains unclear. A pilot study on this problem will be 
presented in Chapter 2.  
 
Implant material property 
In general, two basic classes of implant materials are used in dental implantology: 
metals and ceramics. It has been well documented that commercially pure titanium or 
Ti-6AL-4V alloy is an ideal material because of its reasonable stiffness, strength and 
biocompatibility. While bioceramic materials, such as hydroxyapatite, have low 
stiffness, low strength and high ability to reach full integration with living bone. The 
elastic modulus, a significant mechanical property, dictates the ability of the implant to 
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transmit stresses to the implant-bone interface viability over time. Malaith et al. (1989) 
suggested implant materials with modulus of elasticity of at least 1.1x105 MPa.  
 
Recently, the mechanical behavior between rigid and resilient implants was compared 
using a 3-D FEA (Perez et al., 2005). The micromotions at the implant-bone interface 
of the resilient implant were lower than those of the rigid one, which favor a good 
osseointegration process while keeping the stresses in the implant under admissible 
maximum values. The most characteristic feature of the resilient implant, i.e. its 
silicone gasket, was proved to have a strong influence on its overall behavior. This 
design lowered the stresses in bone.  
 
To obtain more satisfactory implants, Hedia and Mahmoud (2004) used FEA and 
optimization technique to design an implant made from functionally graded material 
(FGM). The optimal materials of the FGM dental implant were found to be 
hydroxyapatite/titanium. This investigation showed that the maximum stress in the 
bone for the hydroxyapatite/titanium FGM implant was reduced by about 22% and 
28% compared with currently used titanium and stainless steel dental implants, 
respectively. However, the hydroxyapatite implants were not bioabsorbable. And 
because induction of bone into and around the artificially made hydroxyapatite was not 
always satisfying, loosening or breakage might occur after implantation in the clinical 
application. Hence, Hedia (2005) further developed a new bioabsorbable material, 
collagen/hydroxyapatite as a FGM. These materials have a self-organized character 
similar to that of natural bone. His numerical simulation showed that the maximum 
stress in the cortical bone and cancellous bone for the collagen/hydroxyapatite 
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functionally graded implant was reduced by about 40% and 19% respectively 
compared with currently used titanium dental implants. 
 
Prosthesis material property 
With regard to prosthesis properties, high rigidity materials are recommended because 
low elastic moduli alloys for the superstructure causes larger stresses at the bone-
implant interface on the loading side than the use of a rigid alloy for a superstructure 
with the same geometry (Benzing et al., 1995). Using 3-D FEA, Stegaroiu et al. (1998) 
assessed stress distribution in bone, implant and abutment when gold alloy, porcelain, 
or resin (acrylic or composite) was used for a 3-unit prosthesis. In almost all cases, 
stress in the bone-implant interface with the resin prostheses was similar to or higher 
than that with the other two prosthetic materials. However, Skalak (1983) stated that 
the presence of a resilient element in an implant prosthesis superstructure would 
reduce the high load rates when biting unexpectedly on a hard object. For this reason, 
he suggested the use of acrylic resin teeth. Sertgoz (1997) found a prosthesis 
superstructure material with a lower elastic modulus did not lead to substantial 
differences in stress patterns nor in values at the surrounding cortical and cancellous 
bone. A stress analysis of effect of different types of restorative materials (Sevimay et 
al., 2005a) indicated that the use of more rigid or resilient material for the 
superstructure of an implant-supported prosthesis had no effect on stress distribution 
and stress values at the bone tissue surrounding implant. However, in the abutment and 
crown structure, stress distributions and localizations were affected by the material's 
rigidity. Nevertheless, studies by Hobkirk and Psarros (1992) and Cibirka (1992) did 
not demonstrate any significant differences in the force absorption quotient of gold, 
porcelain or resin prostheses. Whilst the effect of prosthesis material properties is still 
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being debated, it is well established that implant material properties will affect the 
location of stress concentrations at the implant-bone interface greatly. 
 
Implant design 
Design of dental implants refers to the 3-D structure of an implant characterized by 
length, diameter, shape, thread design, implant neck feature, surface topography, 
chemical composition and other design concepts. The following sections review the 
influence of these factors on the biomechanical performance of functional loaded 
implants.  
 
(a) Implant length and diameter 
The optimal implant length and diameter, which are necessary for long-term success, 
mainly depend on the supporting bone condition. For example, implants shorter than 
10 mm often have a higher failure rate than longer implants in the posterior regions 
with less available bone height and density than the anterior regions after tooth loss 
(Misch, 2005). In general, the use of short implants is not recommended since there is 
a belief that occlusal forces must be dissipated over a large implant area in order for 
the bone to be preserved. Lum (1991) has shown that occlusal forces are distributed 
primarily to the crestal bone rather than evenly distributed throughout the entire 
surface area of the implant interface. Because they are light and fleeting, the 
masticatory forces are normally well-tolerated by the bone. It is the bruxing forces that 
must be adequately attenuated. It may be done by increasing the diameter and number 
of implants. A recent clinical study (Stellingsma et al., 2000) concluded that short 
implants were possible when the peri-implant tissues were in good condition. For the 
effect of different implant length, Chun et al. (2002) found that the peak effective 
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stress was reduced with the increase of implant length, but it was not a significant 
factor in reducing the peak stress when it was beyond 10 mm. 
 
Large implant diameters can provide more favourable stress distributions (Mailath et 
al., 1989; Matsushita et al., 1990; Petrie and Williams 2002). Using FEA, it has been 
shown that stresses in cortical bone decreased in inverse proportion to an increase in 
implant diameter with both vertical and lateral loads (Matsushita et al., 1990). Results 
obtained by Himmlova et al. (2004) indicated that an increase in the implant diameter 
decreased the maximum equivalent stress in the bone around implant neck more than 
an increase in the implant length (Figure 1.5). However, Holmgren et al. (1998) 
indicated that the widest diameter implant was not necessarily the best choice when 
considering stress distribution to surrounding bone. Within certain morphological 
limits, an optimal dental implant size should exist for decreasing the strain and stress 
magnitudes at the bone-implant interface. According to Petrie and Williams (2005), if 
the objective is to minimize peri-implant strain in the crestal alveolar bone, a wide and 
relatively long, untapered implant would be the most favorable choice. Narrow and 
short implants with taper in the crestal region should be avoided, especially in low-
density bone. Tada et al. (2003) suggested that longer screw-type implant could be a 
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Figure 1.5 Relations between relative values of stress (relative stress in percent of the 
computed value for the reference implant, which equaled 100%) and implant diameter 
and length. Compared with the results for varying implant diameter, there was a smaller 
effect of implant length on stress in the bone indicated by a curve that was less steep. 
(Figure from Himmlova et al., 2004) 
 
(b) Implant shape 
With regards to implant shape, dental implants currently can be categorized into 
threaded screw and non-threaded body geometry or press-fit body geometry (Sykaras 
et al., 2000). Theoretical analysis implies that clinically, whenever possible, an optimal 
and not necessarily large dental implant shape should be used based on the specific 
morphological limitations of the jaw bone.  
 
Siegele and Soltesz (1989) compared cylindrical, conical, stepped, screw and hollow 
cylindrical implant shapes by means of FEA. Both a fixed bond (simulating complete 
load transfer with bioactive materials) and a pure contact (only compression transfer 
with bioinert materials) without friction between implant and bone were considered as 
interface conditions. The results demonstrated that different implant shapes lead to 
significant variations in stress distributions in the bone. The authors stated that implant 
surfaces with very small radii of curvature (conical) or geometric discontinuities 
(stepped) induced distinctly higher stresses than smoother shapes (cylindrical, screw-
shaped). Moreover, a fixed bond between implant and bone in the medullary region (as 
may be obtained with a bioactive coating) would be advantageous for the stress 
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delivered to bone because it produced a more uniform stress distribution than did a 
pure contact. Patra et al. (1998) reported that the tapered thread design of the 
Branemark implant exhibited higher stress levels in bone compared with the parallel 
profile thread of the BUD implant. The later seemed to distribute stresses more evenly. 
Tada et al. (2003) found that maximum von Mises in cancellous bone of type III and 
IV bone with the screw implant was lower than that with the non-threaded cylindric 
implant under axial loading.  
 
Rieger et al. (1989, 1990) showed that a tapered implant with a high elastic modulus 
would be most suitable after analyzing stress concentration patterns. Petrie and 
Williams (2005) found that increase of the taper increased the crestal strain, especially 
in narrow and short implants in an FEA. Also using FEA, Mailath et al. (1989) 
compared cylindrical to conical implant shapes when exposed to physiologic stresses 
and examined the occurrence of stress concentrations at the site of implant entry into 
bone. They reported that cylindrical implants were preferable to conical implant shapes. 
  
Work by Holmgren et al. (1998) depicted that stress is more evenly dissipated 
throughout the stepped cylindrical implant compared with the straight implant type. 
Geng et al. (2004a) modeled stepped screw and cylindrical screw implants shown in 
Figure 1.6. They found that that the maximum von Mises stress of stepped screw 
implant model was 17.9% lower in the trabecular bone-implant area than that of 
cylindrical screw implant. Additionally, this study showed that the stepped screw 
implant is suitable for the cortical bone modulus from 10 to 13.4 GPa, which is not 
necessarily as strict as the Branemark implant, for which a minimum 13.4 GPa cortical 
bone modulus is recommended.  









Figure 1.6 Two implant-bone systems a) cylindrical screw osseointegrated dental 
implant; b) stepped screw osseointegrated dental implant. The boundary condition is 
marked in red. (Figure from Geng et al., 2004a). 
 
 
(c) Implant thread  
The implant thread is generally considered to be able to provide larger contact area at 
the implant-bone interface than a non-threaded cylindrical implant does. Distribution 
of the same force over a larger surface may lead to lower stress. Thus an optimized 
thread shape is important to produce more evenly stress distribution in jaw bone. The 
FEA and optimization technique have been used to achieve the required implant thread 
design. Chun et al. (2002) performed an FEA for various thread shapes to study their 
effects on stress distribution in surrounding bone and to determine an optimal thread 
shape for even stress distribution. It was found that the square thread shape filleted 
with a small radius of curvature was more effective on stress distribution than other 
dental implants used in the analyses. Additionally, the thread end width of 0.5 screw 
pitch and thread height of 0.46 screw pitch appeared to present more effective stress 
distribution. The results also showed the maximum effective stress was reduced when 
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the screw pitch decreased gradually. However, it was no longer an important factor in 
reducing the stress when the screw pitch dimension was smaller than 0.9 mm. Rieger 
et al. (1989) concluded that truncated threads or serrations were better than untruncated 
threads in cylindrical or tapered implant. Other studies showed that square threads 
were more optimal for compressive load transmission as there was less shear load 
transmission than a standard v-thread in a cylindrical implant (Strong et al., 1998; 
Patra et al., 1998). However, in an experimental stepped screw implant, Geng et al. 
(2004b) determined that v-thread and large square-thread were optimal thread forms 
for load transmission. And thin thread form should be strongly avoided. 
 
(d) Implant neck 
To study the effect of stress in the crestal bone region, the implant neck features appear 
important (Kitoh et al., 1988; Meijer et al., 1993). Linkow and Chercheve (1970) 
taught that dental implant should have a smooth endosseous neck portion. This feature 
has been adopted by most dental implant systems. However, some studies reported that 
the annual bone loss with a smooth conical collar design demonstrated higher amount 
of bone loss than self-tapping and standard implants (Quirynen et al., 1992; Malevez et 
al., 1996). Using 3-D FEA, Hansson (1999) gave an explanation for bone loss that it 
may be caused by the smoothness of the implant surface at its neck, which would lead 
to stress shielding. This analysis indicated that retention elements at the implant neck 
could bring about a major decrease in the peak interfacial shear stress because it 
increased the capacity of the implant to carry axial loads. Furthermore, retention 
elements at the implant neck would counteract marginal bone resorption in accordance 
with Wolff's law (Treharne, 1981). In another FEA study, Hansson and Werke (2003) 
detailed the effect of the various thread sizes and profiles upon the bone stresses in 
cortical bone. Their results implied that threads of very small dimensions could 
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theoretically be quite effective, which was in agreement with the finding in a dental 
implant with a microthread at the implant neck (Palmer et al., 2000; Norton, 1998). 
Small top radius of curvature or thread depth ratios should be avoided, which was in 
line with the predictions of Albrektsson et al. (1983). Nonetheless, comparative 
clinical studies on TiO2-blasted and machined Astra Tech implants did not reveal 
significant differences in bone loss after two and five years (Karlsson et al., 1998; 
Gotfredsen et al., 2001). Therefore, a conclusion in strict scientific sense cannot be 
drawn due to the lack of clear evidence on the superiority of one surface texture or 
implant design over another (Listgarten, 1996). It still needs to estimate whether the 
implant neck features have a great impact on time-dependent biomechanical response 
of marginal bone, positive or negative. 
 
(e) Implant surface 
Implant surface microarchitecture (smooth or rough) and coating can affect 
interactions between bone cells and the implant. A smooth implant surface and a rough 
surface cause different contact areas with host tissues and biomolecules depending on 
the matching of the size of surface elements on the implant surface. Higher levels of 
osteoblast-like cell attachments were found for rough implant surfaces at the in vitro 
level (Bowers et al., 1992). The bioactive materials coating of the implant surface 
affected bonding characteristics with biomolecules and largely determined the 
chemical stability or reactivity (Kasemo and Lausmaa, 1988) because they have the 
potential to encourage bone growth up to the surface of the implant (Oonishi, 1990). It 
was claimed that these coatings could produce a fully integrated interface with direct 
bonding between bone and the implant material, leading to a more even transfer of 
load to the bone along the implant and thus a reduction in stress concentration (Siegele 
and Scoltesz, 1989).  
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Using 3-D FEA, Meijer et al. (1995) investigated the influence of a three-layered 
flexible coating of Polyactive on bone stress distribution in a mandibular model. In the 
case of sagittal and transversal loading, the use of a Polyactive coating reduced both 
the minimum principal stress in the bone and the compressive radial stress at the bone-
implant interface. However, it raised the maximum principal and the tensile radial 
stress. In the case of vertical loading, the application of a flexible coating reduced the 
compressive radial stress at the bone-implant interface around the neck of the implant 
by a factor of 6.6 and the tensile radial stress by a factor of 3.6. Variations in 
composition and thickness of the coating did not affect the results significantly. 
 
Hansson (2000b) suggested that the bone-implant interfacial shear strength in the 
general case be estimated by means of strength analyses based on a study of the size, 
shape and density of the individual elements constituting the rough surface. Using FEA 
and homogenization theory, Simmons et al. (2001) predicted the local strains in the 
pre-mineralized tissues formed around porous-surfaced and plasma-sprayed implants. 
They found that in cases where loading was normal to the implant interface, the 
porous-surface geometry provided a local mechanical environment that was more 
favorable for localized bone formation than that provided by the plasma-sprayed 
surface design. This finding provided an explanation for the more extensive and 
accelerated osseointegration with porous-surfaced implants. The issues of 
microstructure and its effect on local mechanical environment and tissue formation are 
important not only to the design of bone-interfacing implants, but also to the design of 
tissue engineering scaffolds, where appropriate control of tissue formation is essential 
to engineer functional tissues. 
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(f) Other implant design concepts  
Considering the effect of implant wall thickness, Huang et al. (2000a) proposed 3-D 
FEA models of implant with different wall thicknesses to predict stress distribution. 
The authors showed that the stress concentration decreased when the implant wall 
became thicker. However, this effect was less significant when the surrounding bone 
level was reduced. They also predicted that the fixture with a wall thickness of 0.97 
mm demonstrated the smallest stress increase ratio when the boundary level was 
lowered. 
 
Some authors recently introduced a soft component or layer into the implant design, to 
somehow compensate for the absence of the periodontal ligament (PDL). In IMZ 
implant system, a resin of polyoxymethylene element was placed between implant and 
abutment, namely IME and IMC. However, Holmes et al. (1992), by means of FEA, 
found that the predicted stress concentrations of IME and IMC were greater than the 
titanium abutment. Clift et al. (1995) reported that the insertion in the implant of a 
flexible central post resulted in a decrease in the maximum von Mises stresses and 
equivalent strains in cancellous bone, upon loading (especially transversal), from the 
neck of the  implant towards the inner parts of the bone. It was postulated that this 
would reduce the likelihood of bone fatigue failure and subsequent bone resorption. 
Using FEA, van Rossen et al. (1990) analyzed the stress-distribution in bone around 
implants with and without a stress-absorbing element inside the implant structure. 
They found that variation in stiffness of the stress-absorbing element had no effect on 
the stresses in bone. Changing the shape of the stress-absorbing element had little 
effect on the stresses in cortical bone. For the implant connected with a natural tooth, it 
was concluded that a more uniform stress was obtained around the implant with a low 
stiffness of the stress-absorbing element. It was also concluded that the bone 
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surrounding the natural tooth showed a decrease in the height of the peak stresses. 
Genna et al. (2003) modeled an internal layer into the implant using FEA. The 
presence of such a layer produced a prosthesis mobility very similar to that of a healthy 
tooth for several loading conditions, and a stress or strain distribution substantially 
different from that arising, upon loading, around a conventional implant. The 
comparison of the findings obtained, with those of previous refined analyses of the 
tooth-PDL-bone system, indicated that the modified implant tends to produce a stress 
distribution in the bone closer to natural than that given by the standard one. 
Nevertheless, it was very difficult to state that the stress distribution produced by the 
modified implant is better than that produced by the standard one because lack of 
knowledge of the real mechanical fields existing, under loading, in the bone around a 
healthy tooth. It was suggested that when and if possible, it should try to seek 
optimality by seeking similarity of implant design and materials, or whatever else, with 
the natural situation, rather than try to achieve mechanical fields for which it is 
impossible to give a precise target. 
 
Surrounding bone quality and quantity 
The quality and quantity of the surrounding bone influence the load transfer from 
implant to bone (Clift et al., 1992), and then influence the long-term success of dental 
implant treatment. Poor bone quality leads to lower success rates. Good quality bone is 
itself dependent upon the appropriate level of bone remodeling necessary to maintain 
the bone density and the avoidance of bone microfracture and failure. Both processes 
are governed by the stress and strain distribution in the bone. 
  




Chapter 1                                                                   Introduction and Literature Review                        
Many FEA studies of titanium implants have indicated that stress concentrations occur 
around the implant neck. Under oblique loads with high occlusal stress magnitudes, the 
elastic limit of bone surrounding implants may be surpassed and lead to microfractures 
in the cortical bone. Clift et al. (1992) emphasized the importance of having good 
quality dense bone around the implant neck which can withstand stresses in the range 
of 9-18 MPa prior to loading. Crestal bone loss is the most common cause of failure of 
implants in which osseointegration has been achieved. Crestal bone loss may occur 
around all dental implants particularly in the first year of service (Albrektsson et al., 
1986). Besides the peri-implantitis, occlusal overload may cause pathological stresses 
and strains in the crestal bone stimulating resorption (Quirynen et al., 1992; Isidor, 
1997; Brunski, 1999). An equivalent stress of 1.6 MPa was determined to be sufficient 
to avoid crestal bone loss from disuse atrophy in the canine mandibular premolar 
region, based on both histological examination and FEA results (Vaillancourt et al., 
1996). To clarify the relation between bone loss and stress in the bone and implants, 
Kitamura et al. (2004) investigated stress distribution in bone and implant in the 
presence of a bone defect of various shapes and dimensions. The results of this 
analysis suggested that slight conical resorption might partially be the result of 
biomechanical adaptation of bone to occlusal loads in the successfully integrated 
implants. By comparing a non-resorption model with four resorption models, Kitamura 
et al. (2005) concluded that the main tendencies of bone stress were the same in the 
non-resorption and resorption models. Bone stress distributions were similar in the 
non-resorption and horizontal resorption models, but differed from those in the angular 
defect models. Moreover, the changes of the bone stress values with resorption depth 
differed for the two resorption types. 
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Stress shielding, resulted from smoothness of the implant surface, has also been 
proposed as a potential causative factor. Several FEA studies (Hansson, 1999; Hansson 
and Werke, 2003) have assessed its influence on the marginal bone, but this issue, as 
discussed in section of implant neck design, is still being debated. Minimum required 
load for avoidance of crestal bone loss appears to have been defined (Vaillancourt et 
al., 1995, 1996; Patra et al., 1998), but the upper limit of the physiological stress range 
has not yet been investigated. 
 
The classification scheme for bone quality (Type I to Type IV) proposed by Lekholm 
and Zarb (1985), whereby each area was graded as follows: a) Type I: almost entire 
jaw is comprised of homogenous compact bone; b) Type II: a thick layer of cortical 
bone surrounds a core of dense cancellous bone; c) Type III: a thin layer of cortical 
bone surrounds a core of dense cancellous bone;  d)  Type IV: a thin layer of cortical 
bone surrounds a core of low density cancellous bone. This classification has since 
been widely accepted by clinicians and investigators as standard in evaluating patients 
for implant placement. FEA has efficiently determined the effect of various bone types 
on the stress and strains in the interfacial bone.  
 
By changing both bone elastic constants and cortical layer thickness in FEA models, 
Clelland et al. (1993) reported that low stresses and high strains surrounded the 
implant apex for the all-cancellous bone model. For the models with a layer of cortical 
bone added, higher crestal stresses and lower apical strains were observed. The thicker 
layer of isotropic cortical bone produced stresses at least 50% less than the thinner 
layer. The assumption of orthotropy for the cortical bone layer increased stresses and 
strains by approximately 25% compared with isotropic bone. They concluded that 
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crestal cortical layer thickness and bone isotropy had substantial impact on resultant 
stresses and strains. Holmes and Loftus (1997) found that greater thickness of the 
cortical shell and greater density of the core would result in less micro-movement and 
reduced stress concentration, thereby increasing the likelihood of fixture stabilization 
and tissue integration. Papavasiliou et al. (1996b) showed that the absence of cortical 
bone increased interfacial stresses at the locations studied. O'Mahony et al. (2001) also 
found that anisotropy increased what were already high levels of stress and strain in 
the isotropic case by 20 to 30% in the cortical crest. In cancellous bone, anisotropy 
increased what were relatively low levels of interface stress in the isotropic case by 
three- to four-fold to exceed bond strength levels. They claimed that anisotropy has 
subtle, yet significant effects on interface stresses and peri-implant strains and careful 
consideration should be given to its use in FEA studies of dental implants. 
 
By only varying the bone elastic modulus for cancellous bone, Tada et al. (2003) 
evaluated their effect, as well as the implant type and length on the stress and strain in 
bone and implant in 3-D FEA models. Regardless of load direction, maximum 
equivalent stress and strain in bone increased with a decrease in cancellous bone 
density. Under axial load, especially in the low-density bone models, maximum 
equivalent strain in cancellous bone was lower with the screw-type implant than with 
the cylinder-type implant. It was also lower with the longer implants than with the 
shorter implants. Under buccolingual load, equivalent stress and strain was influenced 
mainly by bone density. This study suggested that cancellous bone of higher rather 
than lower density might ensure a better biomechanical environment for implants. 
Moreover, longer screw-type implants could be a better choice in a jaw with 
cancellous bone of low density.  
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Information about the influence of bone quality on stress distribution in an implant-
supported crown is limited. Sevimay et al. (2005b) investigated the effect of 4 different 
bone qualities on stress distribution in this kind prosthesis. The results demonstrated 
that von Mises stresses in Type III and Type IV bone quality were higher than those in 
Type I and Type II bone quality. All of the peak values reached at the neck of the 
implant. A more homogenous stress distribution was seen in the entire bone. They 
concluded that stress concentrations in compact bone followed the same distributions 
as in the Type III bone model, but because the trabecular bone was weaker and less 
resistant to deformation than the other bone qualities modeled, the stress magnitudes 
were greatest for Type III and Type IV bone. 
 
Implant-bone interface structure and property 
Although the implant-bone interface is crucial to implant success, little is known about 
its structure and mechanical property at the level of detail needed for mechanical 
analysis (Brunski et al., 2000). Most FEA models assumed a state of optimal 
osseointegration, meaning that a perfectly bond existed in the implant-bone interfaces. 
This does not occur exactly in the clinical situation. Therefore, the imperfect contact 
and its effect on the load transfer from implant to supporting bone are required to be 
modeled more carefully. Furthermore, it is believed that an increase of the elastic 
constants values and density will occur during bone healing process. Akagawa et al. 
(1992) evaluated bone contact with a plasma-sprayed hydroxyapatite-coated dental 
implant at 75 µm intervals based on digitized data. 3-D graphics of the bone around the 
implant was clearly shown. They concluded that these graphics provided adequate 
information on the bone-implant interface and also suggested development of a 
realistic finite element model. In another similar investigation of three implants, 
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Wadamoto et al. (1996) found that the bone contact ratio of the whole surface of each 
of three implants was 80.8%, 68.1%, and 68.8%, and the bone contact ratio for each 
direction and portion varied with the conditions of implant placement. The bone 
volume ratios around the implant at the 0 to 300 µm zone were also calculated, and 
total ratios ranged from 58% to 81%. These findings might provide useful quantitative 
information about the bone structure around the implants and contribute to the 
development of more realistic FEA models based on the biologic bone structure 
around the implants.  
 
In this context, Patra et al. (1998) modeled 25%, 75%, and 100% osseointegration to 
simulate the progressive bone loss by both 2- and 3-D FEA. Cortical bone was shown 
to carry most of the load with resulting overload leading to crestal bone loss. Stress 
plots showed that with increasing crestal bone loss, the majority of the load was 
transferred directly to the weaker trabecular bone tissue. Papavasiliou et al. (1997) also 
applied 3D-FEA to determine interfacial stresses for four degrees of osseointegration 
(100, 75, 50 and 25%), and five patterns at 50% osseointegration (locally alternating, 
coronal only, apical only, facial only and lingual only). They found that the degree of 
osseointegration did not affect resolved stress levels or distributions under axial or 
oblique loads. Crestal osseointegration and axial loads minimized overall stress, but 
apical only osseointegration produced much higher apical stresses.  
 
In summary, load transmission and resultant stress distributions are the significant 
factors in determining the success or failure of an implant. Factors that influence the 
load transfer at the bone-implant interface include the abutment angulation, abutment-
implant connection, nature of applied force, implant design, material properties, and 
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nature of the implant-bone interface. Of these biomechanical factors, the design and 
material of implant components are easily varied. In-depth study on interfacial tissues 
around implant by noninvasive and nondestructive means is needed to provide more 
foundational information about the structure and properties at the level of detail needed 
for biomechanical predictions.  
 
1.2.2 Dynamic response analysis 
 
Mastication induces vertical, transverse or oblique forces, which exert stress gradients 
in the implant as well as in the bone. The values and directions of these forces change 
dynamically during chewing movement. Simulation of such dynamic loading on an 
implant under chewing function can represent more realistic situation. Chao and Wei 
(1997) applied FEA to investigate the stress distribution of a modified bar-clip 
implant-borne overdenture with different restorative materials under punching loads. 
They found that the peak stress values on the implants with porcelain were higher than 
those with resin prostheses, but there was little difference in the implant-bone interface. 
Zhang and Chen (1998) compared dynamic with static loading, in 3-D FEA models 
with a range of different elastic moduli for the implant. Their results showed that 
compared to the static load models, the dynamic load model resulted in higher 
maximum stress at the bone-implant interface as well as a greater effect on stress 
levels when elastic modulus was varied. The effects of dynamic loading levels require 
further investigations. 
 
Recently, dynamic response of the dental implant-bone structure, such as resonance 
frequency analysis (RFA) value (Meredith et al., 1996), has been used as an important 
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parameter in determining the boundary conditions of this structure. Meredith and 
coworkers used a sinusoidal force to vibrate a cantilever beam that was attached to an 
implant both in vivo and in vitro conditions. Their results showed that RFA is a useful 
tool in analyzing the implant stability (Meredith et al., 1997a, b, c; Sennerby and 
Meredith, 1998; Friberg et al., 1999). FEA studies have determined the influence of 
different parameters of implant-bone systems. Williams and Williams (1997) 
simulated the dynamic analysis by impulse excitation of an osseointegrated dental 
fixture. This analysis indicated that the frequency and displacement responses were 
indeed sensitive to impulse duration and direction but independent of impulse load. 
The proper impulse excitation values were summarized for a correct interpretation of 
clinically measured frequency response data. Natali et al. (1997) investigated an 
integration process of dental implants by means of FEA of dynamic response 
following impulse excitation. They found that the implant vibrated at a predominant 
frequency when partially integrated with a displacement principally in the direction of 
the applied impulse. However, when the implant was fully integrated a more complex 
vibration pattern ensued, suggesting the superposition of two or more fundamentals. 
 
With various surrounding bone conditions, a 3-D FEA model of a cylinder-type 
titanium implant inserted in a cubic section of bone was developed to determine the 
vibrating behavior of the implant (Huang et al., 2002). Their results demonstrated that 
the RFA values of the implant with type III surrounding bone decreased linearly from 
17.9 kHz (without loss in bone density) to 0.6 kHz (90% loss in bone density) when 
the bone densities were decreased. On the other hand, without bone loss, the highest 
RFA value of 36.1 kHz was found when the implant was placed into type I 
surrounding bone. In contrast, the RFA values of the implant with type IV bone quality 
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was found to be 9.9 kHz, which is almost four-fold less than that found in the type I 
model. These calculated results were consisted with the results from their modal 
testing experiments. Pattijn et al. (2006) evaluated the modal behaviors of the bone-
implant-transducer system using FEA. This study evaluated the influence of different 
parameters of the type of implant anchorage being trabecular, cortical, uni-cortical, or 
bi-cortical, the implant diameter, the length of the implant embedded in the bone, and 
the bone stiffness. A rigid body behavior was found for a uni-cortical anchoring and 
for a homogeneous anchoring with low bone stiffness, whereas a bending behavior was 
found for a homogeneous anchoring with high bone stiffness and for a bi-cortical 
anchorage. Generally, an increase in implant diameter or embedded implant length 
resulted in higher RFA values. This study also showed that RFA values in case of rigid 
body behavior of the implant-transducer system were more sensitive to changes in 
bone stiffness than those in case of bending behavior. However, all of these simulation 
are still needed a more realistic approach, such as evaluating the effect of 
osseointegration degree and patterns, to interpret the measurements in vivo with 
respect to implant stability. Detailed assessment of this issue can be found in Chapter 4. 
 
It is noted that current RFA is a contact measurement, where the transducer has to be 
firmly attached into the implant or abutment by a screw. This procedure may be 
uncomfortable to patients to a certain degree. Therefore, development of a non-contact 
method would be advantageous. In Chapter 5, a model based on the electromagnetic 
pulse on the implant is created to determine the RFA values of the implant-bone 
structure. 
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1.2.3 Inverse analysis  
 
Mechanical properties of bone depend on composition and microstructure, which 
change in terms of the mechanical environment, ageing, gender, disease and other 
factors. One important material property of the interfacial bone that may be affected by 
implant placement and the associated resorption of the alveolar process is the modulus 
of elasticity. The elastic modulus is a measure of the material rigidity of the bone; it 
varies as a function of the density and microstructure of the bone. This information is 
clinically relevant because the quantity and quality of bone at the site of implant 
placement appear to affect the implant selection and the success of these restorations. 
Many methods, such as traditional mechanical testing, nanoindentation, imaging 
procedures, ultrasonic techniques or FEA (Cowin, 2001), have been proposed to 
predict the bone properties. However, it is still a challenge for characterization of 
mechanical properties of jaw bone because these methods do not allow nondestructive 
evaluation (NDE) of the elastic moduli nor do they allow assessment of their influence 
on the biomechanical behavior of the implant-bone interface in clinical situation. 
 
For a problem related to NDE, the inverse analysis procedure may play an important 
role to predict the mechanical properties of the dental implant-bone complex. Inverse 
analysis techniques, such as neural network (NN), genetic algorithm (GA) and 
nonlinear least square method (LSM), have presented a novel approach to reconstruct 
and identify material properties (Liu and Han, 2003c). These methods have been 
successfully employed to characterize the properties of the anisotropic materials from 
the dynamic displacement responses on the outer surface. The results indicated that 
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these techniques are accurate and robust to accommodate the presence of noise in the 
measured data from the experiments, which is critical to a real detection.  
 
With a functional loading on the implant, the mechanical responses can be produced. 
Based on the fact that these responses should encode the bone properties, an NN-FEA 
inverse procedure was introduced to identify the elastic isotropic properties of the 
surrounding cortical and cancellous bone (Deng et al., 2004). The inverse 
identification of the anisotropic properties of the dental implant-bone interface will be 
the subject of current investigation.  
 
1.3 Objectives and Scope  
 
Currently, FEA has been well accepted as an effective tool for the prediction of 
biomechanical behaviors of systems with dental implant-bone complexity. Clinical 
investigations also indicate that the mechanical environment and implant design have a 
pronounced affect on the osseointegration. However, information is still limited to the 
understanding of biomechanical behaviors of dental angulated abutment implant-bone 
structures, the properties of implant-bone interfacial tissues, influence of parameters of 
implant and interfacial tissue on the implant stability and non-contact determination of 
implant stability. Therefore, the objectives of this study are: 1) to predict the 
biomechanical behaviors of various designs of dental angulated abutment implant-bone 
systems under different loading levels by developing highly realistic FEA models, 2) 
to develop a nondestructive inverse procedure to identify Young’s modulus of the 
implant interfacial tissue, 3) to perform a parametric study on implant stability during 
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the osseointegration process, and 4) to develop a new non-contact method to predict 
implant stability. These goals will be approached in this dissertation in four chapters.  
 
In Chapter 2, 3-D FEA models for two distinct angulated abutment implant systems 
and surround bones are first reconstructed by means of computed tomography (CT) 
scan, computer-aided design (CAD) system and FEA package. Nonlinear contact 
analysis is then conducted to simulate the immediate implant loading conditions. The 
stress distribution in implant components and surrounding bones and implant 
micromoment are predicted. The effect of abutment-implant connection and implant 
geometry is discussed in detail.  
 
Based on the FEA model used for stress prediction in Chapter 2 and based on the fact 
that the stress should encode the information of bone properties, an NN-FEA inverse 
procedure is developed in Chapter 3. This procedure is applied to identify the 
mechanical properties of the interfacial bones based on the simulated measurement of 
stresses. The starting point is to train an NN model using stresses obtained from FEA 
models with given bone properties. It is then used to identify the elastic constants of 
bones by feeding in actual stresses of a dental implant-bone system where elastic 
constants of bones are unknown. The identified elastic constants are then used to 
calculate the stresses. The NN model may go through a progressive retraining process 
until the calculated stresses using the identified result are sufficiently close to the 
actual ones.  
 
In Chapter 4, FEA models from Chapter 2 are modified for dynamic analysis for the 
determination of the dental implant stability. Resonant frequencies that reflect the 
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implant stability are calculated and examined for various implant parameters and 
osseointegration degrees and patterns. Modal analysis is first performed to determine 
the natural frequency and its corresponding modal shape. After that, the harmonic 
response analysis is performed to determine the resonant frequency of the implant-
bone system.  
 
In Chapter 5, a non-contact method is further developed to determine the resonant 
frequencies of the dental implant-bone complexity during the osseointegration process 
by applying an electromagnetic (EM) pulse on a metal rod attached to the implant. It is 
solved by a sequential coupled physics analyses. First, the EM physics environment is 
created by modeling a solenoid actuator with an alternating voltage-fed coil. A 
harmonic magnetic analysis is then performed to calculate the electromagnetic force. 
Finally, the resonance frequency is determined by a harmonic response analysis of the 
implant-bone structure by applying the generated EM force.  
 
Chapter 6 presents conclusion remarks and recommendations for future research. 
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Chapter 2  




The application of dental angulated abutment implant systems play an important role 
in meeting the need of esthetic and functional restorations in the limited anatomy of 
the jaws and the morphology (Sethi et al., 2002). Due to its particular design, it is 
crucial to understand how this structure responds to functional loading. As reviewed in 
Chapter 1, the previous attempts on the angulated abutment implants are limited to 
fully understand biomechanical performances of these systems because they did not 
approach realistic conditions like the implant-bone interface, abutment-implant 
connection interface, exact geometry of implant and bone, various loading levels and 
anisotropic material properties. Many FEA studies have assumed complete 
osseointegration, i.e. fixed bond between the implant and bone, which is rarely 
achieved in the actual clinical situation. On the other hand, in early period of the case 
of one-stage surgery and immediate loading after surgery, no or minimal 
osseointegration is present. The load-carrying ability and the micromotion resistance of 
the implant-bone interface depend only on the initial mechanical interlock between 
implant and bone. In numerical modeling, this condition may be simulated by a contact 
analysis (Natali, 2003; Mellal et al., 2004; Perez et al., 2005). As reviewed in section 
of abutment-implant connection, the effect of different abutment-implant connection 
types on the marginal bone resorption is still a matter of debate. In general, although 
stresses in bone under axial loading were higher with the non-threaded cylindrical 
implants in the fixed bond interface condition, under horizontal loading they were 
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higher with the threaded implants (Tada et al. 2003). The stress distributions in 
threaded and non-threaded implants in the immediate implant loading situation are not 
yet clear. Hence, the following issues are addressed in this chapter: 1) the contact 
creation in the abutment-implant complex, 2) the contact definition between the 
implant and bone interface corresponding to the area of non-integration, 3) evaluation 
of the effect of different parameters, i.e. abutment-implant connection (hex-top and 
taper joint), implant geometry (non-threaded cylinder and spiral-threaded implant) on 
the stress distributions in implant-bone interface under preloading and immediate 
loading. For this purpose, detailed 3-D FEA models are reconstructed to provide more 
accurate prediction of the biomechanical response of such an abutment-implant-bone 
complexity.  
 
2.2 Methodology  
 
The proposed strategy for the stress analysis of the angulated abutment-implant-bone 
systems is shown in Figure 2.1, which includes: 1) CT scans of the jaw bone, 2) 
capturing 2-D contours of cortical and cancellous bone by an imaging process, 3) 
geometric modeling of the bones and implant components using a CAD system, and 4) 
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Figure 2.1 The workflow of stress analysis of dental implant-bone systems using CT 
scan, CAD system and FEA. 
Reconstruction of 
3-D solid models 
2-D contours of cortical and 
cancellous Bone 
Dental implant CAD files 
CAD system 
3-D FEA models  
Stress analysis results 
FEA package 
Material property, boundary 
condition and loading 
CT scans of jaw bone 
 
 
2.2.1 3-D geometric modeling 
 
The starting point of this study was the development of accurate models of implant-
bone systems, which is essential for obtaining more precise results. A partially 
edentulous maxillary arch of a 68 year old male patient was scanned by means of CT 
scanner (Somatom Plus- 40 Spiral CT, Siemens, Germany). CT slices were used to 
reconstruct a bone section. The slice scanning intervals were 2 mm as shown in Figure 
2.2, and then six slices were selected from the region of upper left premolars to model 
the segment (Figure 2.3). 
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Figure 2.2 Axial CT slice at maxillary 
arch level. 
Figure 2.3 Sequential reformatted bucco-
palatal slices. Slice 40 to 45 at the 










The contours of each slice were detected and marked between the cortical and 
cancellous bone manually (Figure 2.4). The coordinates of the contouring points were 
then extracted from these contours using an image processing program. Through this 
sequence the CT images were converted into digital data. These data were finally 
transferred into a CAD program (Pro/Engineer 2003, Parametric Technology Corp, 
Massachusetts, USA) and merged to form a 3-D model of this bone segment (Figure 
2.5).  
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B P 
Figure 2.4 Extracted contours of the cortical and cancellous bone. B=buccal side, 
P=palatal side. 
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details of implant components are described as following: 4 15-mm Branemark 
TiUnite implant, 15
×
0 angulated Esthetic abutment (internal double hexagon) with 
TorqTite UniGrip abutment screw; 4.8× 16-mm ITI implant, 150 angulated SynOcta 
abutment (external octagon) with 4.8-mm length abutment screw. The implants were 
assumed to be inserted into the center of the alveolar ridge. These models were then 
saved as a neutral file format (namely IGES format) so that they can be imported into 




non-threaded                spiral-threaded                abutment                         abutment screw 
Figure 2.6 Components of Branemark and ITI implant systems. BN=Branemark non-
threaded implant, BS=Branemark spiral-threaded implant, IN=ITI non-threaded 
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2.2.2 Material properties 
 
The material properties of bone were modeled as orthotropic and linearly elastic 
(Dechow and Nail, 1993; O’Mahony, 2001; Schwartz-Dabney and Dechow, 2002; 
Lang et al., 2003). The mechanical properties of the implant components were 
considered to be isotropic and linearly elastic (Table 2.1). For the friction coefficients, 
a value of 0.5 (Merz et al., 2000) was used for friction between the contacting 
interfaces between the implant, abutment, and abutment screw. Frictional coefficients 
of 0.74 and 0.88 (Zhang et al., 1999) for the implant against cortical bone and 
cancellous bone respectively were used in the present modeling.  
 









Material  Ex Ey Ez Gxy Gxy Gxy υxy υxy υxy ρ 
Cancellous bone 346.8 457.2 1107.1 98.3 132.6 165.3 0.055 0.01 0.322 0.55 
Cortical bone 11300 13800 19400 4100 4900 6200 0.274 0.273 0.237 1.94 
 E G υ ρ 
Implant  117000 NA* 0.3 4.5 
*NA=Not Available 
 
2.2.3 FEA mesh 
The FEA package ANSYS® 6.1 (ANSYS Inc. Canonsburg, Pennsylvania, USA) was 
employed to import IGES models from Pro/Engineer and to generate the 3-D FEA 
models (Figure 2.7). The Branemark hex-top and ITI Morse taper configurations are 
shown in Figure 2.8. Due to symmetry with respect to the buccal-palatal plane of the 
implant bone model geometry and loading direction, only half of the model was finely 
meshed with 10-node tetrahedral structure solid elements to shorten the time needed 
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for analysis. Differences in the mesh pattern may result in quantitative differences in 
the stress and strain value in the models (Tada et al., 2003). In the present study, all the 
models were derived from a single mesh pattern. Furthermore, the accuracy of the 
results of FEA also depends on the fineness of the mesh (Hart et al., 1992). Therefore, 
small elements of similar size were used to uniformly mesh the area of the interest for 
the stress analysis. 
Figure 2.7 3-D FEA mo
view). B=buccal side, P
BS=Branemark spiral-th
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nodes I, J, K and section data that defined the element geometry, node locations, and 
the coordinate system (Figure 2.9). The nodes I and J were initially coincident and they 
were defined in the same nodal coordinate system. The I and J nodes were ordered so 
that all nodes I are on surface A and all nodes J are on surface B. The pretension node 
K was used to control and monitor the total tension loads. It has only one translation 
degree of freedom, which defines the relative displacement between the two surfaces A 
and B in the pretension load direction. In this study, the preloading direction was along 








section surface A 
section surface B 





For the following immediate loading, a normal occlusal force of 120 N was introduced 
(Brunski, 1999; Sahin et al., 2002), acting on top of the abutment at an angle of 450 
between the force direction and the long axes of the abutment (Figure 2.7).  
 
The FEA models were constrained in all three degrees of freedom at each node located 
on the external buccal-palate surfaces of the bone segment. Symmetry boundary 
conditions were also prescribed at the nodes on the symmetry plane. Different contact 
interfaces between the components were defined. In every model, four contact pairs 
contained four target surfaces and four contact surfaces, which were between abutment 
screw and abutment, abutment and implant, abutment screw and implant, and implant 
and bone. The definition of implant-bone interface represented the immediate implant 
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loading situation. The interface between the cortical and cancellous bone was assumed 
to be bonded. Using these structures, the von Mises stress, maximum principal stress 
and minimum principal stress (Appendix A) and micromotion (displacement of 
implant relative to bone) were determined. The von Mises stress distribution was 
illustrated with the contour map. 
 
2.3 Results 
2.3.1 Stress distribution under preload 
 
Figure 2.10 depicts the distribution of von Mises stress resulting from the same torque 
for Branemark and ITI abutment screw. Stress concentration in the Branemark hex-top 
connection area appears obviously higher than that in the Morse taper. More even 
stress distribution was plotted in the Morse taper.  
 
In the typical abutment screw connection of these two dental implant systems, the 
highest stress occurs on the first one thread contact surface, and was gradually reduced 
to the last one. However, significantly higher stress levels can be found in the first two 



















Figure 2.10 Distribution of von Mises stress (MPa) in Branemark hex-top (left) and ITI 
Morse taper (right) connection areas under preloading. The maximum von Mises stress 
of the screw is 486.39MPa and 136.78MPa for Branemark and ITI, respectively. 
preload preload 
 
Preload can also transfer from implant to surrounding bone and result in stress in the 
bone. Maximum von Mises stress concentrated in the cortical and cancellous bone is 
listed in Table 2.2. The stress distribution in the bones was greatly influenced by the 
type of abutment-implant connection and implant. Higher stress values can be found in 
Branemark hex-top models and all threaded implant models. In general, higher stress 
was present in the cortical bone. The lowest stresses were present in ITI non-threaded 
implant (IN model). 
 
Table 2.2 Maximum von Mises stress in cortical and cancellous bone around two types 
of implants of Branemark and ITI systems under preloading 
Implant type Cortical bone  Cancellous bone  
 von Mises stress (MPa) von Mises stress (MPa) 
Non-threaded 
BN 12.64 0.31 
IN 1.55 0.20 
Spiral-threaded 
BS 207.58 7.01 
IS 1.74 0.81 
 
As listed in Table 2.3, it can be found that the maximum tensile and compressive stress 
was higher in Branemark implant models than in ITI models. 
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Table 2.3 Maximum tensile and compressive stresses in cortical and cancellous bone 
around two types of implants of Branemark and ITI systems under preloading 
 Cortical bone Cancellous bone 









BN 10.54 -7.998 0.24 -1.13 
IN 1.557 -1.01 0.18 -0.17 
Spiral-threaded 
BS 137.85 -182.435 5.57 -2.52 
IS 1.31 -2.22 0.19 -0.93 
 
 
2.3.2 Stress distribution under immediate loading 
 
Figure 2.11 illustrates the distribution of von Mises stresses in abutment connection 
areas of model BN and IN under the same immediate load following abutment 
tightening. The situation becomes asymmetric. On the buccal side facing the loading, 
the implant components experienced compressive stress from bending. But on the 
opposite side (palate side) the connection was subject to tension. The Morse taper 
configuration presented a significant lower stress concentration. For hex-top design, on 
the other hand, higher stresses can be observed on both tensile and compressive side, 
and spread over larger areas than the tapered connection. It can also be observed that 
the screw threads and shank of the hex-top connection were subjected to far higher 
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Table 2.4 gives the maximum von Mises stress in the surrounding bone. Obviously, the 
lower stress was present in the ITI Morse taper models and the all non-threaded 
implant models. Significant higher stress can be found in cortical bone.  
 
Table 2.4 Maximum von Mises stress in cortical and cancellous bone around two types 
of implants of Branemark and ITI systems under immediate loading 
Implant type Cortical bone  Cancellous bone  
 von Mises stress (MPa) von Mises stress (MPa) 
Non-threaded 
BN 297.58 10.33 
IN 56.90 8.63 
Spiral-threaded 
BS 332.82 18.98 
IS 84.98 12.27 
 
Maximum tensile and compressive stresses in the cortical and cancellous bone are 
presented in Table 2.5. Distinctly higher tensile and compressive stresses can be found 
in Branemark models in contrast with ITI models. The lowest values of tensile and 
compressive stresses occurred in the model of ITI non-threaded implant (IN model). 
 
Table 2.5 Maximum tensile and compressive stresses in cortical and cancellous bone 
around two types of implants of Branemark and ITI systems under immediate loading 
 Cortical bone Cancellous bone 









BN 354.83 -97.46 8.08 -10.80 
IN 53.41 -66.81 7.67 -9.853 
Spiral-threaded 
BS 344.28 -342.21 13.18 -21.07 
IS 63.69 -103.49 9.84 -14.01 
 
The values for implant micromotions relative to the surrounding bone under immediate 
loading are presented in Table 2.6. The lowest value can be found in model IN. 
 
 




Chapter 2                            FEA of Dental Angulated Abutment Implant-Bone Systems                        
Table 2.6 Implant micromotion relative to surrounding bone under immediate loading 
Non-threaded Micromotion (µm) Spiral-threaded Micromotion (µm) 
BN 18.33 BS 17.39 





Numerous clinical studies have reported high incidence of complications of dental 
implant rehabilitation, such as abutment screw loosening (Salvi and Lang, 2001) and 
significant marginal bone loss (Adell et al., 1981). Typically, a high screw incidence of 
screw loosening of up to 40% was observed for the external hex butt-joint abutment 
connection (Jemt et al., 1991). In contrast, a far lower rate of 3.6% to 5.3% of screw 
loosening with internal conical abutment-implant connection was reported (Levine et 
al., 1997, 1999). It is implied that different abutment connections induced obvious 
stress levels in the screw. The occurrence of bone loss is often attributed to poor oral 
hygiene and biomechanical factors.  The later can be more related to the implant 
design (e.g., implant shape, surface characteristics) and to the patients (e.g. bone 
quality, occlusal force). Several linear FEA studies (e.g. Clelland et al., 1995) have 
been conducted to predict the stress and strain of the particular structure of angulated 
abutment implant system. However, these studies did not evaluate the effect of these 
parameters. Moreover, in the fine tuning of the structural analysis of a screw-
abutment-implant-bone complex where a contact problem is present, linear 
approximation may not be used as an exact prediction. Therefore, based on these 
considerations, it is valuable to investigate the stress in abutment-implant connection 
areas and bone, and the influence of the connection configuration and implant 
geometry on the stress by means of nonlinear FEA. 
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In the present study, four FEA models were constructed to represent abutment-implant 
connection and geometry of the implant and its surrounding bone. They approached 
more realistic situations of the non-integrated implant-bone interface, loading type and 
material properties. Under different loadings, the calculated results may provide more 
accurate interpretation of the biomechanical behaviors of the angulated abutment 
implants. The first step of preloading produces a symmetric stress distribution in the 
hex-top and Morse taper connection areas (Figure 2.10). With an oblique occlusal 
loading, the situation becomes asymmetric (Figure 2.11). Significant higher stress level 
is present in the throughout area of Branemark hex-top connection. In contrast, even 
stress distributes in ITI Morse taper. This is consistent with the previous studies (e.g. 
Merz et al., 2000; Akca et al., 2003; Akour et al., 2005). The taper abutment-implant 
connection possesses superior mechanical behaviors than the hex-top designs. 
 
Basically, the taper connection and hex-top design employ quite different mechanical 
principles of function. In a taper connection, form lock or positive locking and friction 
are the basic principles. The tapered abutment is placed into the implant by tightening 
torque on the abutment screw, which experiences a wedge effect. The tightening 
process causes interference in the surfaces between (a) implant and abutment and (b) 
screw thread and implant, which causes resisting torques due to friction in the conical 
section and in the screw threads, respectively. The tightening torque is required to 
overcome the frictional forces. A high normal pressure is maintained in the contact 
area, allowing stable retention of position by frictional forces. With low axial preload, 
the danger of reaching the yield load by superimposing external force is very limited. 
The oblique occlusal force is also resisted mainly by the tapered design, which 
prevents the abutment from tilting. Under the oblique occlusal loading, the abutment is 
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pressed into the taper connection, which leads to the release of almost all the prestress 
in the abutment screw threads (Figure 2.11). Even so, the friction in the taper ensures a 
stable connection between the implant and abutment. The peak stress concentration 
can be found in the implant wall around the abutment. This part may be a potential 
zone for fracture when subjected to high bending forces, especially for the reduced-
diameter ITI dental implant (Akca et al., 2003). In the hex-top design, however, pure 
clamping is the underlying principle. The external hex of implant does not absorb any 
lateral loads decomposed from the simulated occlusal load. The abutment screw alone 
is primarily responsible for maintaining the abutment-implant assembly under 
functional loads. Therefore, the axial preload of the abutment screw is a determining 
factor for the stability of the connection (Burguete et al., 1994). The same external 
loading applies to the hex-top abutment where a certain prestress still remains in the 
abutment screw. Lacking positive lock and friction in hex-top abutment may be the 
main reason for leading to higher stress in the abutment screw. For an internal screw 
joint design (e.g. Replace Select Tapered implant, Nobel Biocare), higher determined 
preload and resultant stress occurred in the abutment screw (Lang et al., 2003) because 
it only has straight trichannel abutment-implant interface, i.e. no positive locking and 
so that the interface cannot absorb any axial loads. But this trichannel connection, as 
well as Morse taper, is able to prevent rotation of the prosthesis and loosening of the 
abutment screw (Akour et al., 2005). 
 
Particular attention should be paid to the simulation of the interaction in the implant-
bone interface. Conditions at this interface depend on the osseointegration process that 
results in the bonding stiffness between the implant and its surrounding bone. In most 
publications involving FEA, this condition has been treated as perfectly bonded by 
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sharing the common nodes at the interface (Cruz et al., 2003). This assumption meant 
that under the applied load on the implant, relative motion between bone and implant 
did not occur. On the other hand, non-osseointegration of the implant or before 
osseointegration can be described as a detachment between the sets of elements 
representing implant and bone. The contact surfaces between the implant and bone are 
represented in this study. The simulated loading, therefore, can be defined as the 
immediate loading. This study evaluates the stress distribution in the surround bone 
under preloading and immediate loading. The results obtained show that the higher 
stresses occur in cortical bone since it has a much higher elastic modulus than the 
cancellous bone. Highest stress concentration around the implant neck is also found in 
all the models (Figure 2.12). The implant type and abutment connection do not greatly 
affect stress pattern in implant neck area probably because the implant neck has similar 
contact area in the cortical bone. However, as listed in Table 2.2 to Table 2.5, the hex-
top and Morse tape connection significantly affect the stress distribution in both 
cortical and cancellous bone. In general, the stress in hex-top models and all the 
threaded implant is higher in the Morse taper and non-threaded implant models. The 
implant type of each implant system has a slightly influence on the stress in the crest 
bones under occlusal loading.   
 
In the broadest sense, bone failure can be defined as bone fracture due to the overloads. 
However, bone resorption can also be a failure mode (Brunski, 1999; Bozkaya et al., 
2004). It is a longer time and dynamic process. The strain and stress significantly 
affect the bone modeling and remodeling. According to Martin et al. (1998), the 
ultimate compressive stress (170 MPa) of the cortical bone is higher than tensile stress 
(100MPa). The strength of the cancellous bone has the same in tension and 
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compression and is about 2 to 5 MPa. As listed in Table 2.3 and Table 2.5, the 
maximum principal stresses are larger than the ultimate strength of cortical and 
cancellous bone in BN and BS model. This suggests that these two models have higher 
risk of bone loss under the simulated immediate loadings. Under the simulated 
immediate loading, the lower values of the principal stress in the surrounding bones 
can be found in the ITI models.  
 
The predictability of dental implants using the traditional Branemark protocol has been 
well documented. There are also good data to show that the new protocol for 
immediately loaded implant treatment could achieve equal success rates in the 
edentulous mandible as those found in the delayed or unloaded implants and this 
protocol is also feasible in the edentulous maxilla if bone quality is suitable (Jivraj et 
al., 2005). Data from literature already suggested that several factors may influence the 
results of immediate implant loading, such as the primary implant stability and surgical 
technique, bone quality and quantity, implant and prosthetic design, implant surface 
textures and occlusal force (Gapski et al., 2002). Of all factors involved, primary 
stability seems to be the most important determining factor on immediate implant 
loading. Functional loading on an immobile implant is a key to achieve 
osseointegration (Roberts et al., 1984). Consequently, control of micromotion at the 
bone-implant interface is probably one of the most significant biological requirements 
for load-bearing implants, especially for immediately loaded implants. The tolerated 
micromotion threshold was found to lie somewhere between 50 and 150 µm and 
suggested micromotions beyond 150 µm resulted in fibrous encapsulation instead of 
osseointegration (Szmukler-Moncler et al., 1998). It can be further speculated that 
these movements would be detrimental in cases with immediate implant loading. This 
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study observes the implant micromotion under a 120 N oblique immediate loading 
(Table 2.6). All values are below the reported tolerance. The IN model turns out to be 
efficient in reducing the implant micromotion. The implant type has no significant 
influence on the micromotions for Branemark and ITI system, respectively. As 
mentioned above, the Branemark hex-top cannot absorb any lateral loading; higher 
load may transfer to the implant neck leading to higher micromotions. This 
phenomenon, as well as the resultant tensile stress, tends to separate the connection 
between implant and bone, and is considered to damage the bone healing (Brunski, 
2000). Therefore, higher bending force should be avoided to produce excessive 
micromotion and tensile stress. However, a controlled axial displacement (1.0 mm at 





This study simulates the immediate loading situation of two angulated abutment 
implant systems by reconstructing highly realistic 3-D FEA models. It is clearly 
demonstrated that the ITI More taper connection presents lower level of mechanical 
stresses than the hex-top design under preloading and occlusal loading. The implant 
geometry has no significant effect on the stress distributions in current immediate 
implant loading situation. Despite assumption of orthotropy of the surrounding bone, 
the results suggest that the model of ITI implant presents lower stress levels in the 
bone and lower micromotion. More realistic bone models are required to further 
understand the influence of different mechanical factors on the biomechanical 
responses of the implant-bone interface. 
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Chapter 3  




As discussed in Chapter 2, the results obtained from the FEA study show that higher 
stresses occur in cortical bone since it has a much higher elastic modulus than in the 
cancellous bone. As a general concept, under occlusal loading, the mechanical stress 
and strain transmitted to the bone around dental implants can significantly influence 
the state of osseointegration (Duyck et al., 2001) and the adaptive bone remodeling 
processes (Cowin, 1986). During these processes, different elastic moduli of bone 
determine different patterns of stress and strain distribution in the implant-bone 
structure. Several attempts have been described in literature to predict bone properties 
with in-vitro studies. Methods reported include traditional mechanical testing, 
nanoindentation, imaging procedures or ultrasonic techniques (Cowin, 2001). However, 
these methods do not allow nondestructive measurement of the elastic moduli nor do 
they allow assessment of their influence on the biomechanical behavior of the implant-
bone interface in the clinical situation.  
 
FEA has been used extensively in an effort to predict the effects of stress on the dental 
implant-bone interface (Geng et al., 2001). Also, it is able to simulate and validate the 
influence of the elastic modulus on stress responses in both implant and bone. 
Different biomechanical responses can be evaluated so long as the relevant different 
elastic moduli of bone are inputted into the FEA models (Sevimay et al., 2005b). 
Obviously, these stresses must also encode information about the elastic moduli and 
                                                                                                                                     63 
 
Chapter 3                                             Inverse Analysis of Dental Implant-Bone System                        
hence it should be possible to decode this information from the structural behavior of 
dental implant bone by means of inverse procedures.  
 
Of the inverse techniques, Neural network (NN) is commonly adopted as a very useful 
tool to solve inverse problems related to NDE of material and structural systems (Liu 
and Han, 2003c) because it provides a unique computing feature, which enjoys 
massive parallel processing structures. Furthermore, the NN techniques can be applied 
to model the nonlinear and complex relationship between the structural parameters and 
the dynamic characteristics of complex structures that cannot be handled by analytical 
approaches. Several studies have been devoted to the application of this technique to 
reconstruct material constitutive properties (Sribar, 1994; Huber and Tsakmakis, 1996). 
As reviewed by Sumpter and Noid (1996), implementation of the NN technique has 
greatly promoted research in the material science and technology. Recently, Liu and 
coworkers (2001a, b, c, 2002, 2003b, c, d) have employed a progressive-learning NN 
procedure to characterize the material property of functionally graded material from its 
dynamic displacement response. To the best knowledge of the authors, no work has 
been found in identification of anisotropic constants of bone from dental implant-bone 
biomechanical responses using such an inverse procedure. 
 
It is also possible to use FEA to simulate clinical situations involving stress response 
of the bone surrounding dental implants with different orthotropic elastic moduli of 
bone during the osseointegration process. The objective of this study was therefore to 
inversely identify three orthogonal Young’s moduli of cortical and cancellous bone 
using a progressive NN procedure from stress response of implant-bone structure. At 
the first step, an FEA model of an ITI cylindrical dental implant and its bony housing 
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was accurately reconstructed, and the stress response on the implant-bone interface 
was determined. An NN model was then initially trained by inputting Young’s moduli 
of the bones and their corresponding stress responses computed using the FEA model. 
After the initial training, the NN model was used to identify the Young’s moduli of the 
bone by feeding in actual stress responses of a dental-implant system. Finally, the 
identified Young’s moduli were used in the FEA model to produce a set of stress 
responses. If the calculated stress responses are so different from the actual ones such 
that the given criterion was not satisfied, the NN model will go through another round 
of training. The progressive retraining process can continue until the prespecified 
criterion is satisfied.  
 
3.2 Methodology 
3.2.1 Stress response of a dental implant-bone structure 
 
A 3-D FEA model of the ITI non-threaded implant created in Chapter 2 was modified 
and used in this study (Figure 3.1). The implant-bone interfaces were still treated as 
frictional surfaces by using non-linear frictional contact elements to simulate the minor 
motion between the implant and the bone in the situation of the immediate implant 
loading. The material properties of bone were modeled as orthotropic and linearly 
elastic, which are listed in Table 2.1 (in Chapter 2). This FEA model was constrained 
in all three degrees of freedom at each of the nodes located at the external labial-palate 
surfaces of the bone segment. Symmetry boundary conditions were also prescribed at 
the nodes on the symmetry plane. Loading was simulated by applying a force of 10 N 
horizontally at a node on the top of the implant from palatal to labial side (Figure 3.1).  
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Figure 3.1 3-D FEA model including 
titanium implant, cortical and cancellous 
bone. B=buccal side, P=palatal side, 
F=force. 
 
Figure 3.2 Diagram showing path 
location of selected key nodes for 
implant-bone interfacial stress. Height 
measured from coronal most aspect to 
implant apex is 13.73mm. 
 
The FEA model was used for computing the stress responses on the interface between 
the implant and bone for a given set of material properties. The results were then used 
as the inputs for training an NN model. The orthogonal Young’s moduli 
of , , and  are the outputs of the NN model, where the 
superscripts “ca” and “co” stand for cancellous bone and cortical bone, respectively. 
The other elastic constants of bone were fixed as constants. After the NN is trained, it 
will produce these Young’s moduli as an output of the NN when an input of stress 














3.2.2 Identification of Young’s moduli of bone 
 
In this study, the NN model contained a set of neurons arranged into four layers 
(Figure 3.3). Two hidden layers (Masri et al., 1993) were used to connect the input and 
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output neurons. The implant-bone interfacial stress responses as the inputs were fed 
into the input layer and were multiplied by interconnection weights as they were 
passed from the input layer to the first hidden layer. Within the first hidden layer, they 
were summed, and then processed by a nonlinear hyperbolic function. As the 
processed data left the first hidden layer, again it was multiplied by interconnection 
weights, then summed and processed by the second hidden layer. Finally the data was 
multiplied by interconnection weights then processed one last time within the output 
layer to produce the output. In this NN model, the neuron numbers of the input, output, 
first and second hidden layers are 9, 6, 18 and 12, respectively. The neural network 
was trained with a modified back-propagation training algorithm (Liu and Han, 2003c). 
 
Figure 3.3 Architectural diagram of a NN model with two hidden layers.  
 
The NN model was trained using a set of initial training data of sets of Young’s moduli 
as the outputs and their corresponding stress responses as the inputs. In order to 
produce the inputs, which should sensitively reflect the change of the bone Young’s 
moduli, the sensitive region was first determined. Figure 3.4(a)-(f) show some 
examples of the stress distribution on the implant-bone interfaces. The selected key 
points for implant-bone interfacial stress were located at the distopalatal line angle and 
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along the interface from the coronal most aspect to the implant apex (Figure 3.2). The 
total height measured from the coronal most aspect to the implant apex is 13.73 mm. It 
can be found from Figure 3.4(a)-(f) that the sensitive range is between 8.59 mm and 
13.73 mm. Therefore, stresses at nine points at 8.59, 9.73, 10.86, 11.43, 11.79, 12.69, 
12.97, 13.22, and 13.73 mm is selected as inputs and noted as s1, s2, s3, s4, s5, s6, s7, 
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Figure 3.4 Effect of the Young’s moduli on the stress distrib
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generating training samples was adopted (Besterfield et al., 1995). For the current 
problem, search limits of ± 50% from the original values of the Young’s moduli were 
used. To determine the initial training samples, the search range was divided evenly 
into six levels for these six Young’s moduli , , and . Therefore, 
the number of samples required based on the orthogonal array method was 31. In 
addition, another 29 samples were created randomly. Excluding the actual moduli, the 














Instead of carrying out actual in-vivo measurements, the measured stresses were 
simulated using the FEA model with the actual Young’s moduli. In order to simulate 
the measurement noise, noise-contaminated stress responses are also used for the 
identification of the moduli. A Gauss noise with mean 0 and deviation σ  was directly 
added to the computer-generated stress responses to simulate noise contamination (Liu 


















σ                              (3.1)




Practical experience indicates that it is better to normalize the input patterns as well as 
output patterns in the range between 0.1 and 0.9 (Topping and Bahreininejad, 1997). 


















ii XX −=ε    (3.2)
where Ximin and Ximax are the minimal and maximal values of the ith input Xi, 
respectively, in the sample data set. The 1ε , 2ε  are the scaling factors that ensure the 
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normalized values are not close to 0 or 1. The outputs were also normalized in the 
same way. 
 
After the NN model was trained, the Young’s moduli were identified using the trained 
NN model by feeding in the “measured” stress values. Based on the identified Young’s 
moduli, a new set of stress responses was computed using FEA. If the deviation 
between the computed stress responses and the “measured” ones is too large, the NN 
model is required to go through another round of retraining. Retraining of the NN 
model is achieved by adding a new sample, which is the newly identified moduli and 
its corresponding stress, into the original sample pool to replace the sample with the 




XX −                                              (3.3)
where Xm is the “measured” stress, and Xi is the ith sample. 
 
The retraining process was repeated until the stress responses corresponding to the 
identified Young’s moduli are sufficiently close to the “measurements”. 
 
 
3.3 Results  
 
The six identified Young’s moduli of maxillary cancellous and cortical bone after 
seven progressions are summarized in Table 3.1. High deviation was observed in the 
first identification. The maximum deviation of the results identified by inputting the 
noise-free or noise-contaminated stress responses was higher than 5%. Table 3.2 shows 
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that the stress values corresponding to the first identified Young’s moduli were quite 
different from the simulated ones from the original moduli, and the distance norm 
between them is long as shown in Table 3.2. Such results of the first identification 
suggest that a retraining for NN is needed. Table 3.1 indicates that the accuracy of the 
identified modulus values increased as the progression number increased, and the 
identified values were very accurate after seven progressive trainings. In Table 3.1 and 
Table 3.2, no significant difference is found between the actual Young’s moduli and 
the identified ones, between the stress corresponding to the actual Young’s moduli and 
the stress corresponding to the seventh-identified modulus values. The distance norm 
obviously decreased during the retraining process.   
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Table 3.1 Identified Young’s moduli of cancellous and cortical bone  
Retraining times         1 2 3 4 5 6 7
Young’s moduli 
(MPa)  
Actual value Identified result (Deviation) 
Noise free 
ca
xE  346.8  326.4 (-5.9%) 334.9 (-3.4%) 316.5 (-8.7%) 338.0 (-2.5%) 341.1 (-1.7%) 351.4 (1.3%) 345.0 (-0.5%) 
ca
yE  457.2  488.2 (6.8%) 442.6 (-3.2%) 493.4 (7.9%) 472.3 (3.3%) 502.9 (10.0%) 481.6 (5.3%) 458.9 (0.4%) 
ca
zE  1107.1  1236.2 (11.7%) 1195.8 (8.0%) 1167.2 (5.4%) 1091.4 (-1.4%) 1167.7 (5.5%) 1069.5 (-3.4%) 1086.7 (-1.8%) 
co
xE  11300.0  10153.1 (-10.2%) 10781.3 (-4.6%) 12008.0 (6.3%) 11390.9 (0.8%) 11665.5 (3.2%) 11950.4 (5.8%) 11583.8 (2.5%) 
co
yE  13800.0  14709.7 (6.6%) 13064.7 (-5.3%) 13927.8 (0.9%) 14468.7 (4.8%) 14641.9 (6.1%) 14082.0 (2.0%) 13976.5 (1.3%) 
co
zE  19400.0  17474.6 (-9.9%) 17331.6 (-10.7%) 18074.4 (-6.8%) 18428.2 (-5.0%) 19433.9 (0.2%) 19000.1 (-2.1%) 19139.9 (-1.3%) 
Noised-added 
ca
xE  346.8  363.6 (4.8%) 370.8 (6.9%) 333.3 (-3.9%) 337.4 (-2.7%) 323.7 (-6.7%) 365.4 (5.4%) 352.4 (1.6%) 
ca
yE  457.2  491.6 (7.5%) 483.7 (5.8%) 477.7 (4.5%) 469.2 (2.6%) 473.2 (3.5%) 481.3 (5.3%) 469.0 (2.6%) 
ca
zE  1107.1  1256.6 (13.5%) 1240.5 (12.0%) 1023.1 (-7.6%) 1167.8 (5.5%) 1181.3 (6.7%) 1120.8 (1.2%) 1100.6 (-0.6%) 
co
xE  11300.0  12660.5 (12.0%) 12155.0 (7.6%) 11061.3 (-2.1%) 11741.7 (3.9%) 12233.5 (8.3%) 11905.5 (5.4%) 11633.4 (3.0%) 
co
yE  13800.0  15101.2 (9.4%) 15709.0 (13.8%) 14684.1 (6.4%) 13351.4 (-3.3%) 14020.4 (1.6%) 14293.2 (3.6%) 14013.8 (1.5%) 
co
zE  19400.0  16738.8 (-13.7%) 17469.3 (-10.0%) 17957.6 (-7.4%) 21805.0 (12.4%) 20512.9 (5.7%) 18651.1 (-3.9%) 19795.4 (2.0%) 
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Table 3.2 Comparisons between stresses corresponding to identified Young’s moduli and simulated values from actual moduli  
Stress at the nine selected points (MPa) 
s1 s2 s3 s4 s5 s6 s7 s8 s9
Actual values -0.0111  -0.0505  0.3164  -0.0090  -0.0054  -0.1395  -0.1066  -0.0769  -0.1120  Distance norm 
Noise free 
1st -0.0132  -0.0597  0.3288  -0.0178  0.0032  -0.1548  -0.1082  -0.0813  -0.1242  7.969E-04 
2nd -0.0132  -0.0534  0.2966  -0.0234  -0.0053  -0.1387  -0.1008  -0.0731  -0.1084  6.757E-04 
3rd -0.0124  -0.0526  0.2960  -0.0222  -0.0041  -0.1390  -0.1006  -0.0737  -0.1090  6.555E-04 
4th -0.0131  -0.0544  0.3060  -0.0230  -0.0053  -0.1456  -0.1045  -0.0766  -0.1128  3.659E-04 
5th -0.0145  -0.0585  0.3168  -0.0208  -0.0001  -0.1484  -0.1055  -0.0777  -0.1180  3.593E-04 
6th -0.0138  -0.0563  0.3066  -0.0214  -0.0014  -0.1434  -0.1029  -0.0755  -0.1138  3.414E-04 
7th -0.0126  -0.0567  0.3152  -0.0195  0.0004  -0.1475  -0.1047  -0.0780  -0.1178  2.881E-04 
Noise-added 
1st -0.0148  -0.0655  0.3513  -0.0180  0.0051  -0.1667  -0.1153  -0.0868  -0.1342  3.049E-03 
2nd -0.0148  -0.0640  0.3471  -0.0183  0.0035  -0.1643  -0.1138  -0.0855  -0.1311  2.405E-03 
3rd -0.0150  -0.0620  0.3336  -0.0217  -0.0013  -0.1558  -0.1102  -0.0811  -0.1232  1.040E-03 
4th -0.0118  -0.0512  0.2925  -0.0212  -0.0032  -0.1384  -0.0998  -0.0736  -0.1086  7.980E-04 
5th -0.0131  -0.0536  0.2996  -0.0235  -0.0057  -0.1407  -0.1019  -0.0741  -0.1094  5.456E-04 
6th -0.0114  -0.0539  0.3061  -0.0172  0.0034  -0.1466  -0.1033  -0.0781  -0.1177  3.580E-04 
7th -0.0129  -0.0548  0.3071  -0.0214  -0.0027  -0.1455  -0.1040  -0.0768  -0.1141  3.167E-04 
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3.4 Discussion 
 
In vivo, it remains a challenge to identify Young’s moduli of jaw bone during the 
progressive osseointegration stages after the surgical placement of a dental implant. 
This study introduces a new approach to identify Young’s moduli of bone surrounding 
a dental implant using an FEA and an inverse technique of progressive NN. Using 
FEA, one can compute the stress responses in dental implant-bone structures for given 
elastic constants of the implant and bone. Using the NN model, the Young’s moduli of 
the bone can be identified by inputting the stress response that can be easily measured.  
 
For an NN procedure, three key factors govern the success of this method in practical 
application. First, the inputs of the NN models should be carefully chosen so that 
variation in the outputs can be reflected with high fidelity by the changes of these 
inputs. This means that the outputs have to be dependent on and sensitive to the input 
data.  Figure 3.4 (a)-(f) show that each of the Young’s moduli has an appreciable 
influence on the stress response curve. Second, the training samples, including both the 
initial training and the retraining, should be carefully selected in order to cover the 
range of Young’s moduli of the bone. In this work, a search range of ± 50% from the 
original values of Young’s moduli is adopted. The training sample used in this study 
covers a good cross-section of the possible Young’s moduli variations. Third, the NN 
model should be retrained on-line if a difference between the calculated stress 
corresponding to the identified Young’s moduli and the measured stress is significantly 
large, for instance, higher than 5%. After several retraining iterations, the sample 
density around the simulated measured stress responses increased. In consequence, the 
modeling accuracy of the NN model in the neighborhood of the measured stress can be 




Chapter 3                                             Inverse Analysis of Dental Implant-Bone System                        
improved. In present study, the NN model produced accurate solutions after seven 
progressions. The seventh progression results remained stable even when the noise is 
added (Table 3.1 and Table 3.2). 
 
In this study, some assumptions were made in the FEA models. The material properties 
of cancellous and cortical bones were defined as orthotropic and elastic. In reality, 
bone is well known to be generally anisotropic, viscoelastic and poroelastic (Cowin, 
2001). Simulated measurement data was used as input data in the inverse analysis. In 




The orthogonal Young’s moduli of the maxillary bone around an ITI dental implant 
were inversely identified in this study. The results suggest that the computational 
inverse technique using a progressive NN model is applicable and accurately identifies 
the Young’s moduli by feeding in stress responses of the implant-bone. In addition, the 
NN model is stable to accommodate the presence of noise in the measured data, which 
is very critical to its practical application in clinical settings. It is concluded that the 
developed inverse procedure combining the 3-D FEA with the NN model provides an 
opportunity and means to identify multiple parameters in a complex dental implant-
bone structure. 
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Chapter 4  




The static analysis of a “steady” dental implant-bone structure on its earliest 
osseointegration stage has been presented in Chapters 2 and 3. The stress responses in 
implant-bone systems and the mechanical properties of the surrounding bones have 
been successfully predicted. In this chapter, the dynamic response of all 
osseointegration stages and the influence of the structural related parameters will be 
investigated.  
 
Osseointegration of a dental implant is a dynamic process strongly correlating to many 
biomechanical parameters. Both establishment and maintenance of osseointegration 
require implant primary and secondary stability. Clinical evidence and basic research 
have indicated that primary implant stability may be a useful predictor for 
osseointegration and immediate or early functional occlusal loading (Nedir et al., 
2004). The primary stability is monitored by properties of cancellous and cortical bone, 
properties of bone-implant interface, design and material of implant and surgical 
technique. While the secondary stability is attributed to primary stability, implant 
surface, bone formation and remodeling at the implant-bone interface (Friberg et al., 
1991; Gedrange et al., 2005).   
 
The evaluation of implant stability and osseointegration status is important to be able 
to assess the success of treatment. As a result of the need for convenient and 
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noninvasive diagnostic techniques, several clinically reliable, effective and 
nondestructive tools such as Periotest® (Siemens AG, Bensheim, Germany) and 
resonance frequency analysis (RFA) have been proposed to identify the parameters 
governing the stability and osseointegration (e.g. Olive and Aparicio 1990; Meredith et 
al., 1996). In essence, Periotest® and RFA are mainly based on vibration analysis of 
dental implant-bone complex by two kinds of external excitations, namely, transient 
excitation and continuous excitation (Huang et al., 2000b). In recent years, many 
studies have shown the merit of Periotest® on measurement of implant stability. 
However, its ability to detect osseointegration status is a matter of debate (Derhami et 
al., 1995; Caulier et al., 1997).  Many studies in vivo/vitro and numerical simulations 
have indicted that the RFA can provide relatively more sensitive and precise 
information compared with the Periotest method. It has been claimed that the RFA 
values were monitored by implant design, supporting tissues property, loading 
condition and surgical technique (Meredith et al., 1996; Huang et al., 2000b, 2002; 
Pattijn et al., 2006).  
 
Although implant stability and osseointegration are influenced by many factors, the 
effect of these individual factors on the mechanical vibrational characteristics of the 
implant-bone complex is not yet fully known. No numerical attempt has been 
introduced to investigate the effect of the osseointegration degree and pattern on RFA 
values. Therefore, the first aim of the present study is to evaluate the influence of 
different parameters of implant and its surrounding tissues, i.e. implant length, implant 
diameter, implant exposed height, the mechanical property of bone-implant interfacial 
tissue, osseointegration degree and patterns on the dynamic response of modal and 
harmonic analysis of dental implant-bone structure by means of 3-D FEA. In previous 
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studies, FEA was applied to analyze the vibration behavior of dental implant (Williams 
and Williams, 1997; Huang et al., 2002; Pattijn et al., 2006; Wang et al., 2005) because 
of its advantages in modeling complex structure and simulating field variables which 
are difficult to replicate in vivo or in vitro investigations. The secondary aim is to 
compare the consistency of these FEA models and their coherence with the existing in 




This section includes three parts. Firstly, 3-D FEA modelling of dental implant-bone 
systems with given different parameters is performed based on the non-threaded 
Branemark implant model presented in Chapter 2. Secondly, modal analysis is 
conducted to determine the natural frequency and the corresponding modal shape. It is 
a starting point, more detailed, for the following harmonic response analysis. Thirdly, 
harmonic response analysis is used to determine the steady-state response of the dental 
implant-bone systems to sustained cyclic loads that vary sinusoidally with time. The 
RFA value is obtained by identifying the frequency at which the peak response 
quantity of displacements is obtained.  
 
4.2.1 Finite element modelling 
4.2.1.1 Basic FEA model 
 
A modified 3-D FEA model from Chapter 2 was used to present a 100% 
osseointegrated titanium dental implant in a portion of the maxillary bone at the first 
left premolar region (Figure 4.1). This implant is 15 mm in length and 4 mm in 
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diameter. The FEA model of the implant body does not include the thread portion 
since a stress analysis is not going to be performed in the present study. The exposed 
height above the bone level is 1 mm. As presently defined, the mechanism of 
osseointegration is a very high rate of living bone modelling and remodelling within 
about 1mm of the implant surface (Lindhe et al., 2003; Huja and Roberts 2004). 
Within this model, a layer of 0.2-mm-thick implant-bone interfacial tissue was created 




Figure 4.1 Buccal-palatal section of the basi
by a 0.2-mm-thick interfacial tissue layer i
F=force. 





The properties assigned to the cancellou
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patterns on the frequency. It was assumed that there is no correlation in between these 
parameters. 
 
4.2.1.2 Implant embedded length  
 
Seven implant lengths were created with 7, 8.5, 10, 11.5, 13, 15 and 18mm. For each 
implant length, the diameter of the implant is 4 mm. The implants were embedded into 
the bone with same exposed height of 1mm. Thus, the embedded lengths of the 
implant are 6, 7.5, 9, 10.5, 12, 14 and 17 mm. The model for the implant with 18 mm 
height represents a bi-cortical fixation. The others represent uni-cortical fixation of the 
implants. In these models, full osseointegration of the implant was assumed. 
 
4.2.1.3 Implant exposed height  
 
Six models with different exposed height of an implant with 15 mm length and 4mm 
diameter were created. The exposed heights range from 1.0 mm to 3.0 mm in 
increments of 0.4 mm, i.e. 1.0mm, 1.4mm, 1.8mm, 2.2mm, 2.6mm, 3.0mm. The other 
part of the implants was fully embedded into bone with a full osseointegration of the 
implant.  
 
4.2.1.4 Implant diameter 
 
Four implant diameters were created with 3.3, 3.75, 4 and 5 mm. The implant length 
was fixed at 15 mm. 
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4.2.1.5 Mechanical property of dental implant-bone interfacial tissue 
 
Little is known about the mechanical property of the interfacial tissue at the level of 
details needed for mechanical analysis (Brunski et al., 2000). In this study, three 
sequential stages and tissue types differing in their elastic material properties were 
defined to describe progressive stiffening of the bone-implant interfacial tissue during 
the biological process of the osseointegration (Brunski, 1992; Lindhe et al., 2003). The 
interfacial tissue histology and its mechanical properties are assumed in Table 4.1. 
Although the real density of the interfacial tissue changes during the healing process 
due to the bone regeneration and mineralization, the density was held constant at 0.1 
g/cm3 since our main interest is on the effect of Young’s modulus of the interfacial 
tissue on the natural frequencies. The Poisson ratio was assumed to be 0.3. 
 
Table 4.1 Implant-bone tissue histology and their corresponding material properties 
Stage  
(weeks) 






4  Provisional connective tissue 
(inclusion of newly formed vessels, 
fibroblasts, mesenchymal cells, 
osteoid, woven bone)  
75 0.3 0.1 
8 Bony callus (inclusion of newly 
formed lamellar and woven bone) 
320 0.3 0.1 
16 Mature formed bone 480 0.3 0.1 
 
 
4.2.1.6 Osseointegration degree and pattern 
 
To make the modelling more realistically, five osseointegration degrees (ODs): 0%, 
25%, 50%, 75% and 100% were assigned to the dental implants. In order to produce 
various osseointegration patterns (OPs) for the five ODs, the interfacial layer was 
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divided arbitrarily into 16 segments, namely 1 to 16. A Buccal-palatal section is shown 
in Figure 4. 2. The locations of the osseointegrated and non-osseointegrated areas were 
assigned to the divided segments. In this study, six OPs were investigated. These 
include: a) apical-osseointegration (AO), b) buccal-osseointegration (BO), c) coronal-
osseointegration (CO), d) middle-osseointegration (MO), e) palatal-osseointegration 
(PO), and f) random-osseointegration (RO). The first five patterns of a) to e) were set 
arbitrarily for each of 25%, 50% and 75% osseointegrated models.  
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The above osseointegration has been arbitrarily set with 5 patterns. However, they may 
not ideally happen in real situations. The pattern of random-osseointegration (RO) for 
different ODs is further adopted. In this part, we consider randomly setting the 
osseointegration. If the OD is assigned to 25%, 4 different segments will be randomly 
selected from a random distribution. Similarly, if the OD is 50% and 75%, number of 
segments to be selected will be 8 and 12 respectively. According to the Central Limit 
Theorem (Alan, 2005), 25 patterns generated using a random function will be 
monitored. Correspondingly, 25 frequencies at each OD will be collected and used in 
analysis. The mean value of the 25 frequencies at each OD will be adopted to evaluate 
effect of ODs on frequency.  
 
In the FEA model of OD and OP, the mechanical properties of osseointegrated tissue 
were assumed as: E=480 MPa and v=0.3. The non-integrated areas were modeled as 
non-mineralized provisional connective tissue with E=75 MPa and v=0.4.  
 
Each of FEA model was constrained by fixing all freedoms at each of the nodes 
located at the external mesial-distal surfaces of the bone segment. In the harmonic 
analysis, a vertical force of 10 N was applied to top of the implant (Figure 4.1). The 
sweep frequency was based on the results obtained from the modal analysis.  
 
4.3 Results 
4.3.1 Modal analysis of the basic model 
 
The results of the first natural frequency and its corresponding mode shape, and the 
lowest resonance frequency (also called the first harmonic frequency or fundamental 
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frequency) for each FEA model are summarized in the following sections based on the 
fact that they may be even more important than the other orders. In this study, it is 
found that each model with a different parameter had the same first order mode shape 
but different frequencies. The first natural frequency of the basic model with 100% 
osseointegration was 34 kHz. Its corresponding mode shape is shown in Figure 4.3 and 
is representative for all FEA models. The black dashed line represents the undeformed 
shape of the osseointegrated implant-bone structure. The colored shape gives the 
ultimate position of the implant, interfacial layer and bones for the corresponding 
mode. This mode represents the rigid body behavior of the implant-bone system. 
Figure 4.3 also indicates that the deformation mainly occurs in the bone and interfacial 
tissue and the mode shape is a translation mode along the longitudinal axis of the 
implant in XZ plane. 
 
4.3.2 Harmonic response of the basic model 
 
Figure 4.4 shows the forced harmonic response and obviously indicates the lowest 
resonance frequency of 33.900 kHz at the peak displacement of the basic model. The 
second, third, and fourth resonance frequencies also can be obtained from Figure 4.4, 
i.e. 37.100, 44.700, 45.100 kHz, respectively. These values are very close to, but 
slightly less than the first four natural frequencies of the basic model, which are 34.000, 
37.113, 44.742, and 45.073 kHz. In the following parametric studies, the lowest 
resonance frequency will be plotted in each section. 








Figure 4.3 The first mode shape of the implant-bone system. This mode is a translation 








Figure 4.4 Relationship between the harmonic frequency and displacement of the basic 
mode under a harmonic force. Note in a harmonic response analysis using ANSYS® 
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4.3.3 Implant embedded length 
 
Figure 4.5 shows the influence of the implant embedded length on the lowest 
resonance frequency. An increase of the embedded length for a fixed implant diameter 
and exposed height resulted in a decrease in the frequencies. A linear relationship can 
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Figure 4.5 The lowest resonance frequency versus the implant embedded length. The 
frequency decreases to 31.807 kHz with increasing the embedded length to 17 mm. 
 
 
4.3.4 Implant exposed height  
 
Figure 4.6 plots the frequencies of the implant-bone system against various exposed 
heights. A relationship between the frequency and the exposed height can be expressed 
by linear function (R2=0.97).  
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Figure 4.6 Effect of implant exposed height on the lowest resonance frequency. The 
frequency decrease to 27 kHz when the exposed height increases to 3.0 mm. 
 
 
4.3.5 Implant diameter 
 
Figure 4.7 provides the effect of various implant diameters on the frequencies for a 
constant implant length. It can be found that the frequencies decrease significantly 
from 35.9 kHz to 33.7 kHz with increasing diameter from 3.3 mm to 4.5 mm. For the 
5.0 mm diameter implant, however, the frequency increases and equals to 33.9 kHz for 
the 4.0 mm diameter implant. 





























Figure 4.7 Effect of the implant diameter on the lowest resonance frequency. 
 
 
4.3.6 Mechanical property of bone-implant interfacial tissue 
 
Figure 4.8 illustrates the relationship between the lowest resonance frequencies and the 
different elastic material properties of the interfacial tissues in the course of three 
osseointegration phases.  An increase of the Young’s moduli of the interfacial tissue 
leads to a significant increase of the frequency. The lowest resonance frequencies of 24 
kHz, 32.2 kHz and 34 kHz are obtained for the three types of tissue with Young’s 
modulus value of 75 MPa, 320 MPa and 480 MPa, respectively. 
 

































4.3.7 Osseointegration degree and pattern 
 
Figure 4.9 shows that the OD has an obvious effect on the lowest resonance frequency. 
When the OD equals to 0%, the frequency is at the smallest value, while when OD is 
set to 100%, the frequency reaches its highest value. Effect of the OD on the frequency 
follows a linear function (R2 =0.999). 
 
Figure 4.10 indicates that the OP has no significant effect on frequency. The difference 
between the highest and lowest value is within 4% of its average value when OP varies 
from AO to CO for a particular OD. However, the frequency for the pattern of CO is 
generally higher than that at other OPs, and the frequency at AO is generally lower. 
 
The above OPs shown in Figure 4.10 were arbitrarily set. Further analysis on the 
situations was conducted when OP was randomly selected for the OD of 25%, 50% 
and 75%. It is more reasonable since OP may not be predictable in practice. For each 
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OD, 25 samples were randomly chosen using a random function. The result is 
illustrated in Figure 4.11 and summarized in Table 4.2. Obviously, the OD has strong 
linear effect on the frequency, while OP has little influence on the frequency. The 



























































Figure 4.10 Effect of OP on the lowest resonance frequency. 
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Figure 4.11 Evaluation of the random osseointegration assignment at 25%, 50% and 


























Table 4.2 The lowest resonance frequency of  three ODs corresponding to randomly 
selected OPs 
OD Frequency 
(kHz) 25% 50% 75% 
Mean  27.3 29.8 32.0 
SD* 0.407 0.493 0.495 






Recently, the RFA, based on the vibration principle, has been applied to determine the 
implant stability. This study reveals the influence of different parameters of the dental 
implant and its surrounding interfacial tissue on dynamic characteristics by means of 
FEA. These simulations develop a new numerical model to approach realistic 
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situations, which may be a very important aid to achieve a complete understanding of 
dental implant dynamics and implant stability during the healing process.  
 
In previous FEA attempts, the vibrational behaviours of dental implants (Huang, 2002; 
Wang et al., 2005; Pattijn et al., 2006) and a healing tibia (Lowet et al., 1993) were 
determined by modal analysis. This study applies a modal analysis and a harmonic 
response analysis to determine the lowest resonance frequency of the dental implant-
bone system. The harmonic response analysis may much more reasonably describe the 
experimental tests (Williams and Williams, 1997).  In this study, the identified 
resonance frequency is slightly less than the natural frequency. This observation agrees 
with the general principle in vibration theory (Fertis, 1995), relating the stiffness and 




where k and m stand for the structure stiffness and mass, respectively. 
 
 In general, the results obtained in this study are equal to or higher compared with the 
existing data (Huang 2002; Wang et al., 2005; Pattijn et al., 2006). This may be due to 
the geometry of implant and bones, material properties and boundary conditions of our 
model that are different from previous models. For example, the actual anatomy of the 
bone is used in our model rather than the assumption of a bone block. The model 
geometry may very sensitively affect the resonance frequencies. The material 
properties also influence the results due to difference in data adopted from different 
sources, e.g. the orthotropic properties of a bone versus the isotropic ones; maxilla 
versus mandible (Nkenke et al., 2003; Bischof et al., 2004). In addition, this study first 
develops a thin layer of interfacial tissue surrounding the implant. The mass of the 
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basic model is reduced compared to the models where this layer was replaced by 
cancellous bone. Therefore, the frequency will increase according to equation (4.1). 
The current numerical values are higher than those produced by the OsstellTM 
transducer (Integration Diagnostics AB, Sweden) in vivo or in vitro tests. This may be 
due to (a) no attached transducer onto the implant, and (b) some assumptions used in 
the FEA models, e.g., fully bonded interfaces between the bone and implant and the 
transducer that rarely exists in clinical situation, no prestress effect between the 
components. However, this also indicates that the OsstellTM system may not be able to 
measure some cases with high RFA values because of its own limited frequency range.  
 
The first mode shape plotted in Figure 4.3 is representative for all current simulations.  
It represents a rigid body behavior of the uni-cortical anchored implant. The 
deformation mainly occurs in the bone and interfacial tissue. This first mode shape is a 
translation mode along the longitudinal axis of the implant in XZ plane, which does 
not correspond to those found by previous studies. For the bio-cortical anchoring of 
implant, the model with an 18 mm height implant also presents the same vibrational 
behaviors as the uni-cortical anchored implants. However, the single bending behavior 
was reported by Pattijn et al. (2006) and Wang et al. (2005). These may mainly result 
from the lower stiffness modeled in the interfacial tissue, which allows the interfacial 
bone to vibrate rather than the implant. 
 
This study evaluates the influence of implant dimensions, i.e. implant length and 
diameter on the RFA as shown in Figure 4.5 and Figure 4.7 respectively. Figure 4.5 
indicates that an increase of the embedded implant length for a fixed implant diameter 
and exposed height results in an obvious decrease in the frequencies. It can be 
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explained as an increase in the mass of the system by increasing implant length has 
much more effect than the increase in stiffness. Figure 4.7 shows that the RFA values 
decrease significantly with increasing diameter from 3.3 mm to 4.5 mm. The same 
trend can also be found in some cases with the same mode shape as ours in a previous 
report (Pattijn et al., 2006). However, the frequency value of the 5.0 mm diameter 
implant is equal to that of the 4.5 mm diameter. Similar result was obtained in a human 
cadaver study (Akkocaoglu et al., 2005). This means that the increase of stiffness with 
increasing diameter is relatively higher than that of mass.  
 
Meanwhile, several reports have claimed that no statistically significant difference in 
the RFA values for the increase of the overall implant length and the diameter 
(Meredith et al., 1996; Bischof et al., 2004). Based on the vibration theory, our results 
predict that the implant length and diameter has an obvious effect on the RFA values. 
Therefore, it should be noted here that whether the RFA values from OsstellTM system 
are able to evaluate the varieties of the implant macro-parameters, the micro-
parameters or implant systems (Bischof et al., 2004; Ersanli et al., 2005). More 
fundamental studies are required to elucidate possible correlation between the RFA 
values and implant design.  
 
As illustrated in Figure 4.6, a linear relationship between the RFA values and the 
exposed height for the same implant can be found. It agrees well with the findings 
reported in the literatures (Meredith et al., 1996; Huang et al., 2002). This can be 
explained well by the vibration theory of a cantilever beam (Fertis, 1995).  
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In this study, a very thin layer of interfacial tissue was constructed to simulate bone 
healing process by changing their elastic material properties. This modeling 
appropriately approximates the increase in stiffness.  Figure 4.8 illustrates that an 
increase in the Young’s moduli of the interfacial tissue results in a significant increase 
in vibration frequencies of the bone-implant structure. These results confirm the fact 
that the RFA is sensitive to determine the influence of the changes of the interfacial 
tissues (Meredith et al., 1996; Huang et al., 2002; Bischof et al., 2004; Pattijn et al., 
2006).   
 
During the osseointegration process, different ODs do occur clinically in different 
stages. But it rarely achieves 100% osseointegration (Hale et al., 1991; Brunski, 1992). 
The results indicate the OD has strong linear effect on the RFA values (Figure 4.9, 
Figure 4.10 , Figure 4.11 and Table 4.2). The results are in agreement with the findings 
in a several clinical reports (Sennerby and Meredith, 1998; Glauser et al., 2004).   
 
The present research first evaluates the implant OPs that describe the real interfaces 
involved in the healing process. But little is known about it through any nondestructive 
means. Figure 4.10 indicates that the OPs have no significant effect on frequency. This 
implies that for each model of OP in arbitrarily and randomly set, the stiffness and 
mass of the whole structure has no significant change. However, the frequency for the 
pattern of CO is generally higher than that at other OPs, which may indicate that the 
coronal tissues with higher stiffness determine slightly higher RFA values and higher 
initial stability. It may be concluded that the marginal bone plays an important role in 
supporting the implant.  
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In future studies, more detailed implant geometry (e.g. implant thread, implant surface), 
different implant types and more realistic boundary conditions have to be constructed 




This study develops a new numerical model to evaluate the factors influencing the 
resonance frequency of dental implant-bone structures. Within the confines of the 
present simulation, the following conclusions can be drawn: 1) RFA is highly sensitive 
to determine the changes of the implant geometry, exposed implant height, integrated 
tissue and osseointegration degree and pattern; 2) the calculated RFA values of 
different implant exposed height, integrated tissue and osseointegration degree are 
coherent with the data obtained in vitro or vivo test; 3) the calculated RFA values of 
different implant length and implant diameter are not in agreement with the data  in 
vitro or vivo assessment; 4) no in vitro or in vivo RFA data are found for predicting the 
influence of osseointegration patterns; 5) further improvement of the instruments for 
evaluation of implant stability are required to give more comprehensive quantitative 
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Chapter 5  
 Electromagnetic Impulse Analysis on Dental Implant-Bone 
System 
 
5.1 Introduction  
 
As discussed in Chapter 4, implant stability is essential for dental implant function. 
When loading is to begin on a given implant, e.g., immediate loading, or loading after 
first/second-stage surgery, it would be advantageous if the biomechanical response of 
implant-bone interface could be measured noninvasively and nondestructively using 
some biomechanical means. In this context, RFA technique of Meredith and coworkers 
(1996; 1997a, b, c; 1998) shows the merits in predicting the behavior of dental implant 
stability and osseointegration process. However, it is a contact method, and the 
existing dental abutment or prosthesis usually needs to be unsecured and a special 
abutment with transducer wired to the instrument is attached by a screw to the tested 
dental implant fixture or abutment, which may result in inconvenience, time 
consuming and cost increase. Huang and coworkers (2000b) proposed a new modal 
testing method in a vitro experiment by applying a transient force on the tested 
samples using an impulse hammer. The vibration signal was obtained through a non-
contact acoustic microphone. Subsequent spectrum analysis enabled the extraction of 
the RFA values. 
 
The aim of this study is to develop a new non-contact model to determine the RFA 
values of the dental implant–bone complexity during the process of osseointegration 
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by applying an electromagnetic pulse. Depending on differing mechanical properties of 
the implant interfacial tissue, different models are created to simulate the different 
stages of osseointegration. A sequential method was used for this simulation by 2-D 
FEA. The interaction between the electromagnetic (EM) field and structure field was 
accomplished via the electromagnetic force. The development of the model may help 
to shed light on the integration process in parallel with the development of an actual 
measuring procedure.  
 
5.2 Methodology 
5.2.1 Sequential coupled physics analysis 
 
The FEA package ANSYS® 6.1 (ANSYS Inc. Canonsburg, Pennsylvania, USA) is 
used to perform the sequentially coupled physics analyses using the concept of a 
physics environment. The term physics environment applies to both a file one creates 
which contains all operating parameters and characteristics for a particular physics 
analysis and to the file’s contents. The sequentially coupled physics analysis is the 
combination of analyses from different engineering disciplines which interact to solve 
a global engineering problem. When the input of one physics analysis depends on the 
results from another analysis, the analyses are coupled. In this study, the EM field 
analysis and structure analysis are coupled via the electromagnetic force. Both 













Create EM and structural physics environments 
Create a model encompassing all physics 
requirements 
Solve for the EM physics environment 
Read in EM physics environment 
Read in coupled-field load from EM physics 
environment 
Solve for the structural physics environment with 
the coupled-field load 
Read in structural physics environment 
Assign attributes to the model 
 
Figure 5.1 Data flow for a sequentially coupled physics analysis. 
 
 
5.2.2 Solution procedure 
 
5.2.2.1 FEA Model 
 
A time-efficient 2-D FEA model was modified from the Branemark implant model 
used in Chapter 4. This model was applied to investigate three stages during 
osseointegration process by means of sequentially coupled physics analysis (Figure 
5.2). Table 5.1 gives the assumed material properties for the interfacial tissue varied in 
the models. 









Figure 5.2 2-D FEA model for calculating the EM pulse response of the dental 





Table 5.1 Material properties of the interfacial tissue 
 Young’s modulus 
(MPa) 
Poisson ratio Density (g/mm3) 
Model 1  75 0.4 0.1 
Model 2  320 0.3 0.1 
Model 3  480 0.3 0.1 
 
In this model, a 15 mm length stainless steel rod was attached into the implant. This 
rod was excited by an electromagnetic force generated by a modified solenoid actuator 
with an alternating voltage-fed coil. A thin layer of air gap was modeled between the 
coil, the rod and the pole faces of the back iron. The details of the actuator geometry 
and material properties are listed in Table 5.2. The mechanical properties of the 
implant, maxillary cancellous and cortical bone and rod are listed in Table 5.3 
(O’Mahony, 2001; Lang et al., 2003; Zhang et al., 2004). Both element types of the 
magnet and implant-bone structure and material properties of each component were 
stored in this FEA model.  
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Table 5.2 Parameters of the actuator geometry and material properties* 
Coil    
Turns Across area (m2) Permeability (H/m) Resistivity (Ωm) 
650 8×10-6 1 3×10-8
Rod    
Length (m) Width (m)  Permeability (H/m) Resistivity (Ωm) 
1.5×10-2 1.4×10-3 2000 7×10-7
Back iron    
Thickness (m)  Permeability (H/m)   
1.5×10-3 1000   
Air     
Gap (m) Permeability (H/m)   
5×10-4 1   
*from ANSYS® release 6.1 documentation 
 
Table 5.3 Material properties of bone, implant and the attached rod 
Material Young’s modulus 
(MPa) 
Poisson’s  ratio Density (g/mm3) 
Cancellous bone 480 0.225 0.55 
Cortical bone 14400 0.309 1.77 
Implant  117000 0.3 4.5 
Rod  193000 0.3 7.8 
 
 
5.2.2.2 EM and structural physics environments  
 
The EM physics environment was created by assigning the 2-D magnetic element and 
material properties to the actuator components. The implant and its surrounding tissues 
were specified as a null element type. A 2-D harmonic magnetic analysis was 
performed to calculate the electromagnetic force excited by a 12 volts alternating 
voltage fed into the coil. The frequency of the alternating voltage was 20000 Hz. The 
magnetic flux produced by the coil current was assumed to be so small that no 
saturation of the iron occurred. The flux leakage out of the iron at the perimeter of the 
model was assumed to be negligible.  
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The structural solution is also a harmonic analysis. Before creating the structural 
physics environment, the boundary conditions and loads of the EM physics 
environment were completely removed. The 2-D solid structural element type and 
materials were reset to the rod, implant and its surrounding bones. The null element 
type was specified in the air, coil and iron regions. This model was restrained from 
motion in any direction at all nodes on the buccal and palatal surfaces of the cortical 
bone.  
 
5.2.2.3 EM and structural solution 
 
The EM analysis was performed by reading the created EM physics environment file. 
The resulting magnetic force will be used as input in the structural analysis. Then it 
reads the structural physics environment file and read the magnetic force from the 
previous EM analysis for the solution of the harmonic response analysis of implant-




5.3.1 EM analysis 
 
Figure 5.3 shows the flux lines distribution in the components of the actuator. It can be 
observed that no flux leakage occurred out of the back-iron. As shown in Figure 5.4, 
the maximum magnetic flux density can be found in the interface between the air and 
rod. Table 5.4 gives the summarized magnetic forces on the rod by Maxwell stress 
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tensor approach. The forces along the Y-axis and X-axis present an attractive force and 








Figure 5.4 Plot of the magnitude of the flux density distribution in the EM field. 
(Unit: Tesla) 
 
Table 5.4 Summary of  magnetic forces by Maxwell stress tensor 
Force-X (N/m) Force-Y (N/m) 
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5.3.2 Structural analysis 
 
Before applying the harmonic force generated from the EM filed, modal analysis was 
carried out to determine the first natural frequencies of the models of three different 
osseointegration stages. These frequencies were used as a reference data to verify the 
efficiency and accuracy of EM-structural sequential simulations. Figure 5.5 presents a 
harmonic response of Model 2 under the harmonic force. The lowest resonance 
frequency can be identified at the peak displacement point. Table 5.5 lists the first 
natural frequency and the lowest frequency for model 1, 2 and 3. The first lowest 
frequencies were very close to the first natural frequencies of the implant-bone 




Figure 5.5 Harmonic response of Model 2 under the magnetic force from EM field. 
 
Table 5.5 Comparisons of first natural frequency and the lowest resonance frequency 
 Natural frequency 
(Hz) 




Model 1 7327.7 7400.0 0.98  
Model 2 8337.3 8400.0 0.75  
Model 3 8529.3 8600.0 0.82  
 








The goal of this study was to develop a complete non-contact model to predict the 
implant osseointegration and stability. This method gives a numerical interpretation of 
an integration process in parallel with a development of an actual measuring procedure. 
It is well known that the implant stability is strongly related to the conditions at the 
implant-bone interface and RFA has been adopted as an effective means to evaluate 
implant stability. In this context, this preliminary study was intended to apply a 
sequential coupled physics analysis to determine the RFA values of the dental implant-
bone structure. This analysis was initiated by a 2-D FEA modeling of a dental implant-
bone structure and an alternating voltage-fed actuator. 
 
In the EM analysis, the coil was fed into an alternating voltage and produced an ideal 
local alternating magnetic field (Figure 5.3, Figure 5.4). There was no flux leakage 
occurring out of the back-iron. The maximum flux density can be seen in the interface 
between the air and rod. The induced heating effect on the implant-bone interface 
tissue can be negligible due to this pulse with intermediate frequency applied to in a 
very short time and low energy (Litvak et at., 2002). However, there is still a need for 
further understanding these effects on the osseointegration process by in vivo test. 
 
In the structural analysis, three models were created to simulate different stages of the 
osseointegration (Table 5.1). These models were excited by a pulsed electromagnetic 
force and then the lowest resonance frequency can be identified (Table 5.5). In the 
structural analysis, the results confirm the fact that the resonance frequency is 
significantly influenced by the implant surrounding conditions (Meredith et al., 1996; 
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Huang et al., 2002; Bischof et al., 2004; Pattijn et al., 2006; Osman et al., 2006) and 
suggest that the developed sequential coupled method is effective to detect 
osseointegration status. The RFA values increase with increasing Young’s modulus of 
the implant-bone interface, which suggests that the increase in implant stability was 
attributed to an increase in stiffness of the interfacial tissue due to bone formation 
during the osseointegration process (Johansson and Albrektsson 1991). It could be 
expected that this method will also be highly sensitive to the type, geometry of the 
bone surrounding the implant, but this needs further investigation. 
 
In order to completely understand the healing process adjacent to the implant, it is 
necessary to create a more realistic situation of the implant-bone system in the future 
research. A 3-D EM physics field, which is more difficult to generate than a 2-D 
modeling and requires much more computational resource, is demanded. The influence 
of the flux leakage out of the iron at the perimeter of the model and the saturation of 
the iron should be evaluated. The EM actuator model should be created with a layer of 
air surrounding the iron equal to or greater than the maximum radius of the iron or put 
in an open (infinite) domain. The changes of distance and angle between the actuator 
and the rod have to be modeled to study their effect on the implant-bone structure. 
Also, a 3-D nonlinear dental implant-bone model is needed for further determination of 




A new numerical approach was implemented to determine the RFA values of the 
dental implant–bone system during the process of osseointegration by applying an 
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electromagnetic pulse on a mental rod screwed into the implant. The present work 
provides a preliminary description of a complete non-contact technique to assess 
implant stability. The findings represent a basis for an appropriate procedure in actual 
experiments. The sequential coupled physics analysis is proven to be effective and 
reasonable in determination of the resonance frequencies of the dental implant-bone 
structure. 
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Chapter 6  
 Conclusions and Future Research 
 
From a 3D model of a maxillary premolar segment of a 68 year old male patient 
derived from CT scans, a CAD system and FEA package, detailed FEA models are 
reconstructed for different dental implant systems (Branemark and ITI). This 
dissertation then focuses on the assessment of dental implant’s stress, micromotion and 
resonance frequency by simulating the clinical situations under different 
biomechanical environments and different stimuli means, such as immediate implant 
loading situation, various abutment and implant design and EM pulsed oscillation. It 
also presents the nondestructive inverse identification of the implant-bone interface 
properties. Through these studies, the following conclusions are drawn: 
 
1) The immediate implant loading situation is examined under preloading and oblique 
occlusal loading. The effect of abutment-implant connection (Branemark hex-top and 
ITI Morse taper) and implant geometry (non-threaded and spiral-threaded) on the 
stress and micromoment is discussed in detail. The findings clearly indicate that the 
ITI More taper connection represents lower level of mechanical stresses than the hex-
top design under preloading and occlusal loading. The implant geometry has no 
significant effect on the stress distributions. Despite the assumption of orthotropy of 
the surrounding bone, it can be concluded that the model of ITI implant presents lower 
stress levels in bone and lower micromotion during the immediate implant loading 
period.  
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 2) Based on the fact that properties of the interface bone can be decoded from stress, 
an NN-FEA inverse procedure is developed to identify the orthogonal Young’s moduli 
of the maxillary bone around an ITI non-threaded implant. The results suggest that this 
inverse technique is nondestructive and feasible for identification of the dental 
implant-bone interface by feeding in stress responses of the implant-bone structure. In 
addition, it is stable to accommodate the presence of noise in the measured data, which 
is very critical to its practical application in clinical settings.  
 
3) A new numerical model including an osseointegration layer is developed to simulate 
the stages of osseointegration. It successfully evaluates the factors influencing the 
resonance frequency of dental implant-bone structures and compares the results with 
the existing data from in vitro or in vivo testings. It is observed that the calculated RFA 
values of different implant exposed height, interfacial tissue and osseointegration 
degree are in agreement with in vivo or in vitro data. However, the calculated data of 
different implant length and implant diameter differ from the in vivo or in vitro data. It 
is also found that no in vivo or in vitro data have predicted the influence of the 
osseointegration patterns. Within the confines of the present simulation, it can be 
concluded that RFA is high sensitive to implant and interface parameter. However, 




4) A 2-D FEA model for determination of dental implant stability is proposed to 
overcome the limitation of the method used in current experiments or clinical 
applications. This simulation is carried out by a sequential coupled procedure. The 
interaction between the EM field and the dental implant-bone structural field is 
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 represented by applying an EM pulse on a metal rod attached to the implant. This 
developed non-contact method can effectively determine the resonant frequencies of 
the dental implant-bone complexity during the osseointegration process. Despite the 
assumptions in this analysis, this procedure provides a preliminary description of a 
technique for evaluation of the osseointegration process of a dental implant. 
 
Application of FEA in implant dentistry involves a wide range of biomechanical 
problems, for example, analysis of stress distribution in surrounding bone and 
optimization of implant shape. The principal difficulty in understanding the 
biomechanical behaviors of dental implants is the modeling of human bone tissue and 
its boundary conditions. Certain assumptions are adopted in this dissertation, for 
example, the interface bones are described as orthotropy, the interface between the 
implant and bone is assumed to be linearly isotropic and 2-D modeling of the EM field 
was used. Hence, some recommendations on future research can be given as below:  
 
1) A more realistic detailed approach is needed to model the micro-anatomy of 
surrounding cortical and cancellous bone for further understanding dental implant 
biomechanical behaviors, with higher computational cost. Few attempts (e.g. Yip et al., 
2004) have introduced the micro-CT scan as the probable successor to create 2-D or 3-
D geometries of the bones for assessing the dental implant-bone interface.  
 
2) Nondestructive assessments of the dental implant interfacial tissue should be further 
developed to provide fundamental information about its structure and property at the 
level of detailed needed for biomechanical predictions. The developed NN-FEA 
inverse procedure may be extended to identify the anisotropy of bone. For this purpose, 
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 3-D implant-bone FEA models at the microstructural level are required to be able to 
deal with anisotropic materials and simulate the biomechanical responses of implant-
bone interfacial tissues during different osseointegration stages. Further enhancement 
of the NN model is also needed to accommodate the incensement in input and output 
data. 
 
3) Implant stability may be further evaluated by 3-D FEA models by coupling the EM 
field and the dental implant-bone structure. Influence of more parameters of implant-
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Appendix A: von Mises Stress and Principal Stress 
von Mises stress eσ is a scalar function of the components of the stress tensor that 
gives an appreciation of the overall magnitude of the tensor. This allows the onset and 
amount of plastic deformation or yielding under triaxial loading to be predicted from 
the results of a simple uniaxial tensile test. Yielding initiates when the von Mises stress 
reaches the initial yield stress in uniaxial tension and, for hardening materials, will 
continue provided the von Mises stress is equal to the current yield stress and tending 
to increase. von Mises stress can then be used to predict failure by ductile tearing. It is 
not appropriate for failure by crack propagation or fatigue, which depends on the 
maximum principal stress. 
 
Criterions of yielding are generally expressed in terms of principal stress, since those 
completely determine a general state of stress. The von Mises yield criterion is also 
known as the maximum-distortion-energy criterion. This theory predicts that failure by 
yielding occurs when the total strain energy in a uint volume reaches or exceeds the 
strain energy in the same volume corresponding to the yield strength. In a 3-D stress 
state, the Mises stress can be expressed as: 
 
( ) ( ) ( )[ ] 2121323222121 ⎭⎬⎫⎩⎨⎧ −+−+−= σσσσσσσ e (1) 
 
where 1σ , 2σ and 3σ are the principal stresses.  
 
Based on the von Mises yield criterion, a structural component can be considered safe 
as long as the following condition is satisfied:  
 
2
ye σσ ≤  (2) 
where yσ  is the yield stress of the material.   
 
According to the Maximum Principal Stress Theory, yielding will occur when the 
maximum principal stress in a system exceeds the uniaxial tensile yield stress. 
Yielding could also occur if the minimum stress 3σ , is compressive and reaches the 
value of yielding stress in a simple compression test. Those statements may be written 
as: 
 
yy or σσσσ == 31  (3) 
 
 
Principal stresses are defined as the maximum and minimum normal stress in principal 
planes on which the shearing stresses are zero. A 3-D stress problem are usually given 
by the six stress components xσ , yσ , zσ , xyτ , yzτ and xzτ (Figure 1), which consist in a 
three-by-three symmetric matrix:  
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We assume a plane is cut through the body in Figure 1. The unit normal vector v of the 
cut plane has the direction cosines and , that is yx vv , zv
 ( )zyx vvvv ,,=  (5) 
 
Then the normal stress on this plane can be given by 
 
zxxzzyyzyxxyzzyyxxv vvvvvvvvv τττσσσσ 222222 +++++= (6) 
 
There exist three sets of direction cosines, , and , the three principal axes, which 
make 
1v 2v 3v
vσ achieve extreme values 1σ , 2σ and 3σ , and on the corresponding principal 
planes, the shearing stresses are zero. The three principal stresses can be obtained as 
the three real roots of the following equation: 
 




zyxA σσσ ++=  (8) 
 
222
xzyzxyzxzyyxB τττσσσσσσ −−−++=  (9) 
 
2222 xyzxzyyzxxzyzxyzyxC τστστστττσσσ −−−+= (10) 
 
In fact, the coefficients A, B and C in Equation (7) are invariants as long as the stress 
state is prescribed (Gere and Timoshenko, 1997). Therefore, if the three roots of 
Equation (7) are 1σ , 2σ  and 3σ , the following equations can be obtained:  
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1σ=A
              
      137 
32 σσ ++  (11) 
 






Numerically, one of the three roots of Equation (7), e.g.  σ , can be found using line 
search algorithm. Then combining Equation (11) and (12), a simple quadratic equation 
can be obtained and therefore two other roots of Equation (7) are obtained.  To this end, 
the three principal stresses can be re-ordered as follows: 
 
  ( )3211 ,, σσσσ MAX=  (14) 
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Appendix B: Training samples for NN model 
Stress at nine points (MPa) Young’s modulus (MPa) 




yE  cazE  coxE  
co
yE  cozE  
1               -0.0027 -0.0280 0.2183 -0.0071 0.0031 -0.1221 -0.0867 -0.0725 -0.0958 187.6989 281.2548 565.5963 7359.1442 8747.2875 23429.2929  
2               
               
               
               
               
               
               
               
               
               
               
               
               
               
-0.0059 -0.0368 0.2503 -0.0114 -0.0001 -0.1314 -0.0925 -0.0737 -0.1011 210.0983 354.9277 634.0575 13043.5724 18826.4299 24105.3562  
3 -0.0207 -0.0622 0.3069 -0.0372 -0.0217 -0.1366 -0.1027 -0.0687 -0.1011 427.8423 606.1099 982.3254 15120.4315 20114.9322 19185.1810  
4 -0.0103 -0.0637 0.3406 -0.0112 0.0163 -0.1627 -0.1099 -0.0867 -0.1384 335.3535 414.7477 1489.1231 6512.9839 18684.5853 20044.9391  
5 -0.0218 -0.0807 0.3885 -0.0292 -0.0071 -0.1751 -0.1247 -0.0886 -0.1378 367.4959 596.3772 1228.2837 8402.5860 19429.0347 24093.5145  
6 -0.0066 -0.0371 0.2242 -0.0180 -0.0011 -0.1030 -0.0786 -0.0577 -0.0843 449.7137 384.9632 1354.1363 11584.6833 14596.4711 24355.8721  
7 -0.0304 -0.0908 0.4072 -0.0359 -0.0105 -0.1814 -0.1310 -0.0902 -0.1423 465.2154 681.5955 1534.4303 8392.4840 13285.6873 13646.3600  
8 -0.0268 -0.1338 0.6476 0.0001 0.0465 -0.2990 -0.1806 -0.1431 -0.2528 210.6184 637.9121 1136.0124 14073.1604 16451.3086 27017.0712  
9 -0.0132 -0.0543 0.3223 -0.0173 -0.0025 -0.1647 -0.1125 -0.0857 -0.1232 241.6894 477.4200 764.6518 15896.6998 14617.8565 10539.6658  
10 -0.0051 -0.0886 0.4382 0.0191 0.0776 -0.2319 -0.1141 -0.1127 -0.2300 205.9500 252.6064 1527.5220 14376.4068 17285.2440 15157.4155  
11 -0.0166 -0.0996 0.5082 0.0021 0.0439 -0.2437 -0.1475 -0.1217 -0.2111 221.9572 482.7517 1228.4609 11903.2066 16569.8251 24011.5404  
12 -0.0139 -0.0565 0.3203 -0.0197 -0.0038 -0.1550 -0.1080 -0.0805 -0.1182 276.9544 494.6336 879.5391 16579.7343 19368.3591 16490.5533  
13 -0.0200 -0.0567 0.2867 -0.0555 -0.0416 -0.1327 -0.1011 -0.0642 -0.0903 436.5925 599.9475 593.2361 10258.1521 14170.9718 9801.7752  
14 -0.0005 -0.0173 0.1460 -0.0125 -0.0012 -0.0741 -0.0575 -0.0455 -0.0597 359.7082 244.3447 845.1725 8199.8261 16830.4451 24003.2380  
15 -0.0093 -0.0456 0.2876 -0.0206 -0.0064 -0.1472 -0.1045 -0.0792 -0.1111 262.6458 420.1854 743.9859 9080.4888 12117.5251 14438.2565  
To be continued 
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Continued  
Stress at nine points (MPa) Young’s modulus (MPa) 




yE  cazE  coxE  
co
yE  cozE  
16               -0.0049 -0.0422 0.2629 -0.0019 0.0179 -0.1294 -0.0858 -0.0723 -0.1105 244.4147 309.7400 1090.2355 16766.7795 9077.3653 27715.2032  
17               
               
               
               
               
               
               
               
               
               
               
               
               
               
-0.0035 -0.0226 0.1795 -0.0142 -0.0036 -0.0957 -0.0700 -0.0555 -0.0727 267.0881 301.8920 672.3199 16629.4442 17521.2847 13110.3044  
18 -0.0154 -0.0826 0.4265 -0.0104 0.0229 -0.1981 -0.1285 -0.1011 -0.1691 297.3361 493.4474 1450.1881 12559.7718 7253.6768 21999.5040  
19 -0.0053 -0.0250 0.1681 -0.0278 -0.0152 -0.0785 -0.0646 -0.0437 -0.0584 501.7946 380.4262 797.3120 12406.9676 19476.3975 21062.2516  
20 -0.0118 -0.0422 0.2322 -0.0274 -0.0116 -0.1028 -0.0814 -0.0552 -0.0799 516.9708 481.2025 1224.0356 14616.8258 12616.1792 22828.7406  
21 -0.0040 -0.0231 0.1695 -0.0326 -0.0203 -0.0825 -0.0670 -0.0457 -0.0597 438.0773 367.5243 595.3369 10334.1248 10012.4792 18761.3490  
22 -0.0097 -0.0562 0.3115 -0.0138 0.0113 -0.1478 -0.1029 -0.0795 -0.1247 376.3398 415.4816 1549.9171 8527.8177 10474.4788 17508.7195  
23 -0.0178 -0.1107 0.5486 0.0023 0.0564 -0.2683 -0.1568 -0.1311 -0.2391 259.1906 488.2463 1558.6901 9785.4885 7572.3931 15034.2767  
24 -0.0151 -0.0595 0.3091 -0.0245 -0.0038 -0.1403 -0.1029 -0.0738 -0.1123 418.5763 507.2715 1364.7949 10471.0021 16988.7135 21730.9144  
25 -0.0172 -0.1222 0.6174 0.0204 0.0810 -0.3092 -0.1716 -0.1495 -0.2767 173.4000 457.2000 1107.1000 11300.0000 13800.0000 19400.0000  
26 -0.0137 -0.0736 0.4018 -0.0059 0.0218 -0.1965 -0.1272 -0.1017 -0.1622 242.7600 457.2000 1107.1000 11300.0000 13800.0000 19400.0000  
27 -0.0122 -0.0567 0.3201 -0.0175 0.0025 -0.1529 -0.1070 -0.0809 -0.1218 312.1200 457.2000 1107.1000 11300.0000 13800.0000 19400.0000  
28 -0.0114 -0.0479 0.2736 -0.0235 -0.0062 -0.1280 -0.0946 -0.0684 -0.1000 381.4800 457.2000 1107.1000 11300.0000 13800.0000 19400.0000  
29 -0.0108 -0.0423 0.2424 -0.0268 -0.0108 -0.1113 -0.0859 -0.0599 -0.0859 450.8400 457.2000 1107.1000 11300.0000 13800.0000 19400.0000  
30 -0.0104 -0.0386 0.2193 -0.0287 -0.0134 -0.0991 -0.0793 -0.0536 -0.0759 520.2000 457.2000 1107.1000 11300.0000 13800.0000 19400.0000  
To be continued 
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Continued  
Stress at nine points (MPa) Young’s modulus (MPa) 




yE  cazE  coxE  
co
yE  cozE  
31               -0.0008 -0.0206 0.1583 -0.0063 0.0069 -0.0801 -0.0589 -0.0489 -0.0678 346.8000 228.6000 1107.1000 11300.0000 13800.0000 19400.0000  
32               
               
               
               
               
               
               
               
               
               
               
               
               
               
-0.0041 -0.0312 0.2110 -0.0124 0.0033 -0.1037 -0.0760 -0.0594 -0.0846 346.8000 320.0400 1107.1000 11300.0000 13800.0000 19400.0000  
33 -0.0089 -0.0444 0.2660 -0.0181 -0.0006 -0.1273 -0.0923 -0.0692 -0.1012 346.8000 411.4800 1107.1000 11300.0000 13800.0000 19400.0000  
34 -0.0147 -0.0595 0.3229 -0.0237 -0.0047 -0.1508 -0.1080 -0.0787 -0.1179 346.8000 502.9200 1107.1000 11300.0000 13800.0000 19400.0000  
35 -0.0212 -0.0760 0.3815 -0.0292 -0.0090 -0.1742 -0.1234 -0.0878 -0.1346 346.8000 594.3600 1107.1000 11300.0000 13800.0000 19400.0000  
36 -0.0282 -0.0937 0.4417 -0.0346 -0.0134 -0.1977 -0.1385 -0.0968 -0.1513 346.8000 685.8000 1107.1000 11300.0000 13800.0000 19400.0000  
37 -0.0090 -0.0380 0.2353 -0.0389 -0.0272 -0.1149 -0.0876 -0.0599 -0.0814 346.8000 457.2000 553.5500 11300.0000 13800.0000 19400.0000  
38 -0.0104 -0.0427 0.2571 -0.0297 -0.0162 -0.1234 -0.0924 -0.0654 -0.0914 346.8000 457.2000 774.9700 11300.0000 13800.0000 19400.0000  
39 -0.0114 -0.0485 0.2812 -0.0235 -0.0070 -0.1334 -0.0975 -0.0710 -0.1031 346.8000 457.2000 996.3900 11300.0000 13800.0000 19400.0000  
40 -0.0121 -0.0551 0.3080 -0.0187 0.0017 -0.1452 -0.1031 -0.0771 -0.1165 346.8000 457.2000 1217.8100 11300.0000 13800.0000 19400.0000  
41 -0.0127 -0.0628 0.3385 -0.0147 0.0107 -0.1590 -0.1092 -0.0838 -0.1323 346.8000 457.2000 1439.2300 11300.0000 13800.0000 19400.0000  
42 -0.0131 -0.0719 0.3738 -0.0112 0.0204 -0.1756 -0.1161 -0.0914 -0.1512 346.8000 457.2000 1660.6500 11300.0000 13800.0000 19400.0000  
43 -0.0117 -0.0560 0.3103 -0.0224 -0.0029 -0.1479 -0.1068 -0.0788 -0.1479 346.8000 457.2000 1107.1000 5650.0000 13800.0000 19400.0000  
44 -0.0118 -0.0542 0.3046 -0.0219 -0.0028 -0.1448 -0.1044 -0.0701 -0.1448 346.8000 457.2000 1107.1000 7910.0000 13800.0000 19400.0000  
45 -0.0118 -0.0525 0.2977 -0.0212 -0.0027 -0.1409 -0.1016 -0.0670 -0.1409 346.8000 457.2000 1107.1000 10170.0000 13800.0000 19400.0000  
To be continued  
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Continued  
Stress at nine points (MPa) Young’s modulus (MPa) 




yE  cazE  coxE  
co
yE  cozE  
46               -0.0117 -0.0509 0.2908 -0.0206 -0.0026 -0.1372 -0.0989 -0.0660 -0.1372 346.8000 457.2000 1107.1000 12430.0000 13800.0000 19400.0000  
47               
               
               
               
               
               
               
               
               
               
               
               
               
               
-0.0115 -0.0495 0.2844 -0.0201 -0.0024 -0.1337 -0.0963 -0.0611 -0.1337 346.8000 457.2000 1107.1000 14690.0000 13800.0000 19400.0000  
48 -0.0114 -0.0481 0.2083 -0.0195 -0.0023 -0.1304 -0.0939 -0.0594 -0.1304 346.8000 457.2000 1107.1000 16950.0000 13800.0000 19400.0000  
49 -0.0114 -0.0517 0.2971 0.0212 -0.0028 -0.1396 -0.1009 -0.0744 -0.1103 346.8000 457.2000 1107.1000 11300.0000 6900.0000 19400.0000  
50 -0.0115 -0.0516 0.2960 -0.0791 -0.0027 -0.1395 -0.1007 -0.0701 -0.1101 346.8000 457.2000 1107.1000 11300.0000 9660.0000 19400.0000  
51 -0.0117 -0.0517 0.2948 -0.0710 -0.0026 -0.1392 -0.1004 -0.0701 -0.1097 346.8000 457.2000 1107.1000 11300.0000 12420.0000 19400.0000  
52 -0.0118 -0.0517 0.2936 -0.0409 -0.0026 -0.1388 -0.1001 -0.0699 -0.1094 346.8000 457.2000 1107.1000 11300.0000 15180.0000 19400.0000  
53 -0.0119 -0.0518 0.2924 -0.0208 -0.0026 -0.1384 -0.0997 -0.0636 -0.1090 346.8000 457.2000 1107.1000 11300.0000 17940.0000 19400.0000  
54 -0.0120 -0.0520 0.1913 -0.0207 -0.0025 -0.1380 -0.0994 -0.0503 -0.1086 346.8000 457.2000 1107.1000 11300.0000 20700.0000 19400.0000  
55 -0.0130 -0.0502 0.2901 -0.0404 -0.0016 -0.1439 -0.1020 -0.0759 -0.1112 346.8000 457.2000 1107.1000 11300.0000 13800.0000 9700.0000  
56 -0.0123 -0.0511 0.2928 -0.0507 -0.0022 -0.1416 -0.1013 -0.0700 -0.1105 346.8000 457.2000 1107.1000 11300.0000 13800.0000 13580.0000  
57 -0.0119 -0.0516 0.2940 -0.0009 -0.0025 -0.1398 -0.1006 -0.0773 -0.1099 346.8000 457.2000 1107.1000 11300.0000 13800.0000 17460.0000  
58 -0.0116 -0.0518 0.2943 -0.0210 -0.0027 -0.1383 -0.0999 -0.0637 -0.1092 346.8000 457.2000 1107.1000 11300.0000 13800.0000 21340.0000  
59 -0.0114 -0.0519 0.2440 -0.0210 -0.0029 -0.1369 -0.0992 -0.0531 -0.1085 346.8000 457.2000 1107.1000 11300.0000 13800.0000 25220.0000  
60 -0.0112 -0.0519 0.2233 -0.0209 -0.0030 -0.1356 -0.0985 -0.0725 -0.1078 346.8000 457.2000 1107.1000 11300.0000 13800.0000 29100.0000  
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